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THE SPONTANEOUS COMBUSTION OF COAL 
WITH SPECIAL REFERENCE TO BITUMINOUS 
COALS OF THE ILLINOIS TYPE 


I. INTRODUCTION 


The coal production in Illinois, in 1907 and also in 1908, 
amounted, each year, to 51 million tons, valued at 52 million dollars. 
There was a slight increase in 1908 over the tremendous produc- 
tion in 1907, in spite of the labor troubles which caused a complete 
shut-down of mining, beginning with the April, 1908, conference 
of miners and operators. The general business depression of that 
year caused many consumers to use the cheaper grades of bitu- 
minous coals in preference to the more expensive anthracite, and, 
since production at the mines was thus stimulated before and after 
the shut-down, the public felt no shortage of fuel. Sucha situation 
is unnecessarily expensive both for the consumer and the miner, 
as a uniform daily output is necessary in order to procure and 
maintain the most economical production of coal. However, hav- 
ing secured such a uniform daily output, it is manifest that a 
production of coal so great as that given above cannot be guaran- 
teed to meet fluctuations in daily demand. | 

To guard against unknown and unforeseen conditions, such 
as labor difficulties, variations in output or delay in transportation. 
the large manufacturing interests are beginning to see the need of 
storing large amounts of reserve fuel. Variations, due to sea- 
sonable demands of fuel for domestic purposes, also necessitate 
the storage of coal either by the mining interests or by the coal 
dealers. In the maritime world, the storage of coal is one of the 
great problems of today. Our large battle ships and ocean grey- 
hounds use upwards of 500 tons of coal per day, and hence coal 
must not only be stored on shipboard, but large reserve supplies 
must be on hand at the various coaling stations. 

On the other hand, wherever large quantities of bituminous 
coal are stored,—and bituminous coal furnishes by far the great- 
est part of the energy used at the present day,—the danger aris- 
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ing from spontaneous combustion must be taken into considera- 
tion, and hence elaborate and costly measures are being taken to 
avert this hidden peril. The problem of spontaneous combustion 
is rapidly being recognized as the Breet problem in the storage 
of bituminous coals. 

The United States government, which uses upwards of a 
quarter of a million tons of coal yearly for the navy alone, has 
taken great precautions to avert the danger of spontaneous com- 
bustion in its new coal pile at Bradford, on Narragansett Bay, 
near Newport, where the storage capacity is about 60000 tons. 

The coal bins or pockets are provided with temperature tubes, 
so that if incipient heating should occur it will be discovered and 
located long before a temperature has been reached at which com- 
bustion commences. These tubes consist of lengths of 4 in. gal- 
vanized pipe about 20 feet long, set in the bin floors and project- 
ing upwards through the coal pile. They contain thermostats 
which are arranged to indicate temperatures in excess of 150°F. 
Circuits are run from the 232 tubes to a general annunciator in the 
superintendent’s office, so that if heating does occur an alarm is 
at once sounded and the exact position of the pile where the heat- 
ing has developed is shown on the indicator. 

The temperature of 150°F. was decided upon as the danger 
point as the result of numerous experiments made by the Navy 
Department which indicated that if the temperature of the coal 
reached this point the increase in temperature beyond was very 
rapid.’ At the New York Navy Yard, compartments of 525 gross 
tons capacity have been built. The floors of these bins are of 
portland cement, and the side walls are made of a mixture of 
portland cement, sand, and anthracite boiler cinders. The roofs 
are of iron’. 

The danger of spontaneous combustion on shipboard is even 
greater than during ordinary storage, for the coal is usually stored 
in whatever space is unoccupied by other materials, usually at 
the side of the vessel between the boiler rooms and the side plank- 
ing. Here the coal is subjected to the heat of the boiler and 
engine rooms, and is especially liable to ignite spontaneously. 

Up to the present time a great deal of excellent work together 
with a considerable amount of theorizing regarding the nature 
and cause of spontaneous combustion has been done, but the 


1Chemical Engineering, June 1906 
2 Engineering News, July 21, 1904, page 68 
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views presented have been very contradictory, as a study of the 
Appendix will reveal. It seemed probable, therefore, that the 
differences in the particular varieties of coal worked with might 
have been the cause of the various theories advanced, and that 
seeming truths and generalizations drawn from work on a specific 
coal are not applicable to coals in general. 

On assembling the results of many investigations in this 
field, it was found that the primary conditions which lead to 
spontaneous combustion are considered to be as follows: 

(1) The presence of pyrite. 
2) The size of coal. 


( 
(3) The initial or induced temperature of the coal. 
(4) The presence of moisture. 


While these results aré extremely suggestive, they cannot be 
looked upon as conclusive or necessarily applicable to the prob- 
lems in this region connected with coal storage. Two reasons, at 
least, may be given in support of this statement. (1) Such an as- 
sembling of results gives no suggestion as to the relative im- 
portance of the various influences. (2) The conclusions of an in- 
vestigator based upon experiments with one type of coal might 
not apply in the case of a coal differing in texture and chemical 
composition. These two features must be understood for any 
given type of coal before any safe statements can be made regard- 
ing that particular region. For example, while it may be true of 
any coal that the above enumerated causes are operative, it is 
more important in any case to know the order of their import- 
ance. Again, in the case of coals from the midcontinental fields, 
i. e., of the Illinois type, a peculiarity of the composition exists 
which may enter into the problem as a factor. The coals of this 
region, for example, are characterized by a high content of mois- 
ture seldom below 10 per cent and averaging 12 to 15 per cent at 
the vein. This is in marked contrast to coals of the same general 
type of the eastern United States and Europe, where this factor 
rarely exceeds 2 to 4 percent. Again, this fact, while perhaps 
not so significant in itself is always accompanied by another item 
which may have some bearing in that this large water content is 
always accompanied by a higher content of oxygen combined as a 
part of the organic matter, in contrast with the lower oxygen con- 
tent of the low moisture bituminous coals. Also, the high sul- 
phur content of Illinois coal, ranging from 1 to 6 per cent, with 
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the average at about 4 per cent, may materially influence the 
spontaneous combustion of this type of coal. 

The Illinois bituminous coals, with their high moisture and 
ash, varying amounts of sulphur and inert volatile matter, seem, 
therefore, to require special study in order to establish the 
reasons for their property of spontaneous combustion. The sub- 
ject naturally divides itself into three subdivisions: first, the de- 
termination, if possible, of the causes of spontaneous combustion; 
second, the relative importance of these causes; and third, the re- 
moval, if possible, of this property of spontaneous combustion 
either through the treatment of the coal by chemical processes 
or through certain methods of handling. 


Il. OUTLINE OF EXPERIMENTAL INVESTIGATIONS 


GENERAL DESCRIPTION OF METHODS AND APPARATUS 


Coal from Williamson county, Illinois, marketed under the 
trade name of ‘‘New Ohio,” was used for these experiments. The 
composition of the various samples will be found on pages 9 and 
14. About one-half ton of large lumps was required for the ex- 
periments. These lumps were ground to the requisite sizes. The 
grinding was done inasmall Chipmunk crusher and the ground coal 
was then run through a revolving screen, by which it was sized. 
The screen used was of the revolving or trommel type, made of 
perforated steel plate about 6 ft. long and 1 ft. in diameter, in which 
holes of the following sizes were drilled: $ inch, + inch, $ inch, 4 
inch, inch, 1 inch. The coal coming through the-+ inch holes, 
known as size $-t was always screened twice because a small 
amount of dust escaped the ¢-inch holes the first time; in order to 
make the $-+ size dust-free it was re-screened. Each time only 
enough coal was ground and screened to meet immediate demands 
and any left over was thrown away, so that the coal used was 
always fresh and unoxidized. 

The most potent elements in the case were believed to be 
temperature, fineness of division, pyrites and the amount of mois- 
ture present. These are taken up in the order given. 

1. LKffect of Temperature and Size.—In studying the effect of 
external temperature the general principle was adopted of plac- 
ing rather large, 25 to 35 lb., samples within an insulated space, 
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Wia. 1. 
GENERAL VIEW OF THE OVENS, SHOWING THERMOMETER ARRANGEMENT 
AND A SAMPLE JAR OF COAL. 


James, PA. 
A VIEW OF THE TEMPERATURE REGULATING APPARATUS AND 
DETAIL OF ONE OF THE OVENS. 
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where the atmosphere immediately surrounding the sample could 
be kept under exact control. By means, then, of thermometric 
readings taken within the coal mass and also from the atmosphere 
of the chamber, any oxidation within the coal sample would be in- 
dicated by a rise of temperature above that of the surrounding 
atmosphere. The details as to the time, temperature, construction 
and general procedure were as follows: 

2. Methods and Apparatus.—The coals were placed in the 
constant temperature ovens for a period of three days each, as, 
in the preliminary experiments that were run, it was found thata 
period of 72 hours was sufficient to give the maximum rise in 
temperature. The following temperatures were maintained in 
four different ovens; 40°, 60°, 80°, 115° Centigrade. The coal was 
first placed in the 40° oven, and after a period of three days, it 
was moved to the 60° oven; after another period of three days, it 
was moved to the 80° oven; and finally, after another period of 
three days, it was moved to the 115° oven; after remaining in this 
oven for three days the coal was removed. A 5-gal. stone jar 
having the bottom perforated with $-in. holes was used as a con- 
tainer for the coal. <A jar of this size held a sample of coal 
weighing about 35 or 40 lb. 

The ovens were constructed as follows. They consisted of 
two wooden boxes, one set inside the other. The boxes were in 
the form of cubes, the outer box being a 8-ft. cube made of 1#-in. 
pine boards; the inner box was also in the form of a cube, made 
of the same material only it was 8 in. smaller than the outside 
box. This left a space of 4-in. on all sides between the two boxes, 
and this space was tightly packed with mineral wool, the inner 
box being well insulated in this manner. Across one corner of 
the inner box a board was nailed. This board was 4 in. shorter 
than the box and was nailed into the box so as to leave a clear 
space of 2 in. at the top and bottom of the box. The triangular 
space formed by this board and the corner of the box was lined 
with +-in. asbestos board so as to insulate it. This space then 
formed a chimney, and near the bottom of this chimney the elec- 
tric lights used to heat the boxes were hung. The temperature 
was regulated by means of a mercury regulator which consisted 
of a large bulb of mercury expanding up a capillary tube. A 
platinum wire was fused into the bulb so as to be in contact with 
the mercury. Down the top of the capillary tube a long, fine 
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needle was placed so that when the mercury was expanded to a 
certain height at a definite temperature the mercury would just 
come in contact with the needle. Wires were run from the regu- 
lator to a telegraph relay, the mercury regulator being connected in 
series in this circuit. This outfit was run by storage battery current. 
The telegraph relay was used to make and break the 220-volt 
circuit on which the lights used for heating were connected. 

The jars of coal were placed on several bricks in the inner 
box, the bricks being arranged so as to elevate the jar high 
enough so that it would be in the middle of the box, and also to 
allow the air around the jar to circulate freely. The cover of the 
inner box was then put into place, and through the holes in the 
latter several long thermometers (about 23 ft. long) were placed to 
indicate the temperature of the air in the box and also the temper- 
ature of the coal. The thermometers used to indicate the tem- 
perature of the air in the box were placed so that one was near 
the heating chimney and the other was at a point farthest from 
it. The thermometer used to indicate the temperature of the coal 
was placed so that the bulb was 4 or 5 in. below the surface of 
the coal. Readings of these temperatures in degrees Centigrade 
were taken every morning and afternoon. 

In the first run, called Series 1, five sizes of the coal were used. 
These samples were not what would be known as air-dry, because 
the coal was used as soon as it was ground; the large lumps, how- 
ever, were air-dry. The five sizes were as follows: 

Size 0: This size included some of the coal that went 
through the smallest holes in the screen and then was ground in 
a disk pulverizer until it was very finely divided. About 75 per 
cent of this size went through a 120-mesh screen, and all of it 
went through an 80-mesh. 

Size 0-§: This coal went through the 4 in. holes in the large 
revolving screen. 

Size s-z: This coal went through the + in. holes in the screen. 

s: This coal went through the # in. holes in the screen. 

Size s-?: This size was a mixture of equal parts of the coal 
that went through the 3 in. and the #in. holes in the revolving 
screen; it was thought that there would not be enough difference 
between the results of the + in. and the ? in. size, so the two were 
mixed in equal proportions. 


abs 
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DETAILS OF EXPERIMENTS 


Experiments were conducted in 15 series. 


tion, such as dry or wet, varying content of pyrites, etc. 


Each series rep- 
resented experiments upon certain chosen sizes of coal, and all 
the coals of a given series were subjected to the same conditions. 
Each series differed from the others by one variable as to condi- 


Composition of Coal. The composition of the coal used in the 
first five series, as indicated by a proximate analysis, was as 


follows: 
TABLE 1 
Size 0-3 Size 3-2 
per cent per cent 
OTS GUT Clrmet aie acento oes see cre ines eLetters 4.16 4.62 
WAOLA CI CM NS GRETA eee oe Pe aus ike so oc bre ieo toate 33.48 S381 
PMX COmCATDOMseaMeetcer inc oct Bes Are a ACE 50.86 50.88 
INCI Des td GSS BIB eae ee 11.50 JOE TS 
MIE OG a leavarcactocecas oe siaalsis ote SL Suit sfo, OW aos OSyO nic OTOL OOS Pe 100.00 100.00 
SOU OUI Soko s bn Ree Oe ee RCIOn ers en eee 1.26 1.29 
P Calculated to Dry Coal 
WAGIENDTNS- IME W RUS Dae ote. cete RSC oe acOn CRI. cic Berea ean 34.92 34.78 
Terieyeh (ORS Hoyo} es mae soe ne SRO AOC ON ne a cae 53.08 53.58 
ING Dain}, JC Bo oe Oe CIO SAO ANC ee 12.00 11.64 
TNO Uh ree PN tere lee 0 nce tie a che cece ue torenn silsue a hits ayeliivese 100.00 100.00 
SUICIDE Ges co caoo ecko Spon auiomea Dean rn Oon orion 132 1.35 


The pyritic iron was determined by taking the difference be- 
tween the total iron in the coal and the iron soluble in dilute 
hydrochloric acid. The results for the above two samples are as 


follows: 
Size 0-3 Size 4-2 
per cent per cent 
7 EE LeSTINGI hap as 6 Sib SE aR RE Eno ath Carcaee ae COG DML ar eOn 1.91 173 
TEICOUT ere al ov Ken 4 INES an, Genie ees xe Re IRI oN Rom Cl came tire Gites 0.73 0.67 
Pyritic te BO ook SOO! Boro aia a bacob enon or 1.18 1.06 
(CLONER ECs hea Gen coi See cor en ok SOC ae Ocoee omen 
Pyrite: Combemtn aioe. scl cte es sleKl am ele «lel s)ei)s1 che 1.76 1.60 


Inasmuch as more of the larger sizes were used than the finer, 
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the average pyrite content of the coal was taken as 1.65 per cent. 

Series 1.—A jar of each of the four largest sizes of coal was 
placed in the ovens in the same increasing ratio of size of the 
coal and the temperature of the oven, e. g., size 0-4 was put in 
the 40° oven, size 4-+ in the 60° oven, size +-% in the 80° oven, 
and size 2-2 in the 115° oven. This method of procedure was 
adopted to save time, for by this means all the ovens could 
be filled at once, and since it took 12 days for a coal to pass 
through the four ovens, a considerable saving of time resulted, 
and the large sizes of coal were not oxidized to an appreciable 
extent at these low temperatures. After the coals had remained 
in the ovens for three days, they were moved up tothe next oven, 
size 2-3 was taken out of the 115° oven and the next smaller size 
put in, and size 0 was put in the 40° oven. The reading of the 
temperatures was made in the morning and afternoon, chiefly to 
see that the regulators were working well and that the lights 
were not burned out, and also to get the increase in temperature 
of the coal over that of the ovens. As is shown in Table 2, the 

TABLE 2 
SERIES 1—Dry CoaL—1.65 PER CENT PYRITE 


Coal Coal Coal Coal Coal 
0 0-4 $f 3 faa 
PRIMA CSIMUNOUTS eis cvcrousel alae vorierciers 96.0 89.0 
Oven temperature °C.............. 38.8 40.0 
@oalmiemperature: CCM ate. cen set: 41.7 42.5 
Rise: temperature °C... ..2....-.- 2.9 2.5 
BLM CATS OULS ranean ie 89.0 76.0 89.0 
Oven temperature °C ............. 60.0 60.5 60.0 
Coal temperature °C ............. 65.0 Gama 63.5 
Rise temperature °C... 5.22.6 see 5.0 3.2 3.5 
MIR INO RETIN OUTS ciereniciake ohne sicionste artiste 77.0 74.0 76.0 89.0 
Oven temperature °C.,........... 80.0 80.0 719.8 17.0 
Coal temperature °C ....... ... 95.0 91.1 89.7 78.0 
Rise temperature °C............. 15.0 Tks all 9.9 0 
MIM CAD OUIS scum ene eee 42.0 
Oven temperature °C ............ 108.0 
Coal temperature °C ............. 168.0 
Rise temperature °C............. 60.0 
1 DTGTaKS. Wa OVODUYSRomiaice An goonow wa Somat 12.0 89.0 74.0 76.0 89 
Oven temperature °C... ........ 108.0 | 10910] 107.8} 10810] 107.0 
Coal temperature °C .... ........ 154.0} 140.0] 133.2) 127.9] 199.4 
iRise, temperature °C ...........- 46.0 31.0 25.4 19.9 15.4 
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maximum rise in temperature in some cases took place before the 
end of three days. This was especially the case in the dry, finer 
sizes. The average temperature of the ovens and the temperature 
of the coal at the end of the three days are shown in Table 2. 

Series 2. Series 2 was the same as Series 1, the only difference 
being that the coal in Series 2 was thoroughly wet before being 
placed in the ovens. 

Before beginning Series 2, in order to get some idea as to the 
oxidation of the coal and the amount of oxygen used up by it, the 
air in the different ovens was analyzed, after the coal had been 
in the ovens for three days. The results were as follows: 


Oven 1—40°/Oven 2—60°/Oven 3—80°|Oven 4-115° 
{ 
iBerscent COs ance: ennes 0.40 20 1.00 1.81 
Percent Oxygen. ...0....- 20.00 18.40 | 19.40 16.00 


Since the oxygen content decreased so much, it was thought 
TABLE 3 
SERIES 2—WeT CoAaL—1.65 PER CENT PYRITE 


Coal Coal Coal Coal Coal 
0 0-3 3-2 a= 3-2 
PIV IMVINOUTSiteer terete a cise ores teliere 72.0 81.0 
Ovenwbemperavune CC ie... 2) 38.5 38.5 
Coal temperature °C ............. 38.3 38.5 
Rises temperature °C esac. «' Meni Lite 
GNCONS Tol VOW ood Gugoeneoune onoc 84.0 72.0 81.0 
Oven temperature °C............. 60.0 59.0 59.5 
Coals temperature ws@rsntc cca 57.5 58.5 62.4 
Rise temperature °C. ........... ae SO0n 2.9 
AMS TAINO oanbo Boone Secoood 72.0 84.0 72.0 81.0 
@venetemperavure!C@ 26 c. ae 80.0 80.0 80.0 80.0 
Goaletemperaturelc@ ee... etre ac 86.5 85.5 86.3 85.6 
Rise temperature °C............ 6.5 5.5 6.3 5.6 
MMC tI ITeMOMES circles sles ce cree 48.0 
Oven temperature °C............. Wee 
Coal temperature °C ....... ..... 168.3 
Rise temperature °C ............. 56.8 
Ti ATOM adannseonons ddoooos 72.0 12.0 84.0 72.0 81.0 
Oyen temperature °C....... Ao tticn 114.0} 111.9 LTO. | 102255) Sees 
Coal temperature °C ..........++. 164.8 | 148.2) 131.0} 128.0] 125.5 
Rise temperature °C .........+++. 50.8 36.3 20.8 16.5 14.0 
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necessary to ventilate the ovens so as to maintain atmospheric 
conditions. This was done by boring several 4-in. holes through 
the walls of both boxes near the bottom and putting a 3-in. glass 
tube through the two walls. One of the tubes was placed so that 
the fresh cool air that came in was delivered at the bottom of the 
heating chimney, and the other tube delivered its air at the 
opposite side of the box. At the top of the box a take-off pipe of 
the same size was inserted. 

Series 3.—In Series 3 and 4 the content of iron pyrites was 
increased over the amount in Series 1 and 2 so that the total of 
iron pyrites in the form of FeS, was 8 per cent. This was ac- 
complished by taking some large lumps of pyrite just as itoccurs 
in the coal measures of Vermilion County. This was ground to 
pass through a 20-mesh sieve, and upon analysis was found to be 
87.62 per cent pure. This calculation of purity was based upon 
the sulphur content of the material, which was 46.73 per cent. 
In Series 8 the variable from Series 1 is in the content of pyrite 
which has been increased from 1.65 per cent to 8 percent. Tests 
upon the two larger sizes were omitted for the reason indicated 
in Tables 2 and 38. The oxidation on these larger sizes was too 
small and not different in character from the reaction upon the 
finer sizes, hence they were omitted from the subsequent experi- 
ments. 


TABLE 4 
SERIES 3—DRy CoaAL—3 PER CENT PYRITE 
Coal Coal Coal 
0 0-3 = 
MIME Ont MOULS «case ais veces a eiaeveye mutate ree TO 71.0 
@ven temperature °C... ..6s5..5.2.4. 00> 37.0 89.5 
Coalmbemperabure SC2e sonic onde 42.0 42.0 
Risen temperature! (Cus o.. vee ces ewe 5.0 2.5 
BETAS AMUN OUTS xo Henn ease e ie wis, shone arses peels s 20 RO HW 
Ovenmuemperavures Cia. 5 0 ene cnc cle 60.0 60.0 66.0 
Coalmvemperaburens@) a.com 68.2 67.5 60.0 
RSem LEmMperabuUrey (Cun. nee aceca seen: 8.2 7.5 6.0 
MITE MING OUUS s csrons cers o< Reineaeeeone « ism 1200 71.0 
Wren temperature °C... 6., scnks feews 75.0 80.0 81.5 
Clos! Testa eM GC ya5 G0 0do00n coccue 88.6 93.5 93.8 
IScmceKaperauure: CL cme cct ome oe ne | S26 13kS 12.3 
BIR ag CEUTA OULE Settee. sere ecaratereriee Ro eeaee 30.0 
Oven temperature °C.................. 115.0 
Coals temperature °C. icscsses xe sie a ee 190.3 
IRS teereayroEiawhas Cy Goouccanoscdoaout 75.3 
Pees OUTS: sss coe va ake et nee 72.0 A208 72.0 
Ovenstemperature 7C\7. 001. eene 115.0 114.0 114.0 
Coal temperature °C... 6. cences ccm wer 161.0 165.0 138.0 
EMIS OMEUCLNDERALUTCs (Otic telmyoei. eee 46.0 01.0 28.0 


*The heat current had been turned off at power house. Coals were left two days longer. 
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TABLE 5 
SERIES 4—WeEtT CoaL—3 PER CENT PYRITE 

Coal Coal Coal 

0 0-3 g-2 

HTM CriMsOUTS casas ees ee cee ete. 72.0 72.0 72.0 
Ovenitemperature oO. 4.2.5. s00. tose 39.5 40.0 39.5 
CoalS temperature c@a.. oase ae een 39.5 39.2 42.3 
Risen temperatures O... .y.5 hen slew en 0.0 Rare 208 
ETM ODIME NO UL Gtttesertekenasieaiscs ere ne ete te 72.0 72.0 72.0 
Oven GemMperanurecO©,”. ce aes acecoes 60.0 60.0 61.0 
Coals tem peravunen Cacccscsece detec 56.5 Dont 66.5 
RISC Ge MpPena pure. Cree. secre crs neta ne ae Ae 5.0 
ETUC VIN Oh Semetnets) seekers aceon iste cus clereecs 72.0 72.0 72.0 
Oven temperabure °Clmina. oes sce oe 80.0 80.0 80.0 
Worl stemperavure eC sca. csi sehr 86.7 82.8 89.8 
RISC MEM PeOLrawUTre =O: no e:..61sacscleeeeie oie oie 6.7 2.8 9.8 
Pre WNP HOUTS cma See «racial ewer house i220) 72.0 72.0 
Ovenstempercoure Ol. nes ols case IDAs 115.0 115.0 
Coal? bemperdcuneaG ins. cius toss tere 226.2 172.0 126.0 
RISem Hem PCraoUerc © aatcktecertiom oc nine IDS Fak 57.0* 11.0 


*Upon removal from the oven and standing at room temperature, the interior of the mass 
within the jar took fire and after a period of from 2 to 3 weeks was consumed. 


TABLE 6 
SERIES 5—DRY CoAL—5 PER CENT PYRITE 

Coal Coal Coal 

0 0-4 44 

EIST TT @ LING LV OUTS etereyera: stens eterare.ane svepote. 5) sveyavcusl exe 72.0 72.0 72.0 
Ovenucemperavuune Cra neunieict anor 34.0 39.0 40.0 
Clog! WEA OOTE YTD “(Ces conooucdnonocscse 38.0 42.4 42.0 
RISCm LEMP CLA UULC me: Cane serio sts veld cele 4.0 3.4 2.0 
Time in hours..... Seip DAE CCRC OIaO CON 72.0 72.0 72.0 
OVE MevempPenavULem© smereryerre silo rmicnrants 60.5 60.3 61.0 
CoalmveTnperaGuieii@rnri terrier tre 70.0 66.2 66.6 
Rise temperature °C...........-.+-065 9.5 5.9 5.6 
‘AM TAE) Ihd, LeYOWE ooo aosan ebobDGOd0DGsZO4c a 72.0 72.0 
Oven temperature -C.0_ 25.46... 5) 5... 80.5 81.0 
Coal temperature °C.........-...++.00. 88.2 89.2 
RisembennperauUre!a© .tecmmi mete crim: Hed 8.2 
a hreWs) ihn 1aVOWIES ona capo oe bo mando paDooD es 72.0 72.0 72.0 
Oven temperature °C............-+-+065 122.0 120.0 116.0 
Coal temperature °C...............+... 185.0 174.0 143.2 
Rise temperature °C.......... sere eens 63.0 54.0 21.2 


*Battery worn out, so regulator did not work; was recharged and put in order. 
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Series 4.—In Series 4 the conditions of the experiment were 
precisely as in Series 3, with the exception that the coal was 
thoroughly wet before placing in the ovens. 

Series 5.—In Series 5 the conditions were the same as in 
Series 1 and 3, with the exception that the content of iron pyrites 


was increased to 5 per cent. 


The first lot of coal being exhausted, a new lot was procured. 
This was from the same source and was hand-picked as before, 
but it was deemed advisable to make a careful analysis again. 


This analysis is shown in the following table. 


TABLE 7 
Per cent 
INEOISUULEC mane. weercste chien eis ae ener 4.34 
Volatile matter............ shits mavetare a ousvere 33.38 
IMEXCCiCarbOReh peti wes Soke ree eee 50.25 
IAS Lip cere reeiouunte aeeoistchara es ieee he ci eee eee 12.03 
SPO G AES eecrain be cence me rereitiee tices me, 100.00 
SNP IMU center crterenesksee overseen ee a 
Calculated to Dry Coal 
Wiolatile mmattelaces css acssetcesm ees 34.89 
Jy bso OCH H efeliNa nmidean Wanton ors od act obi 52.43 
EAS inne tie cee TE rates Goto 12.68 
MOA Makes co ee nares dant ere ere ee 100.00 
UL PIMP eer ciiseld cetera eee maaan ricieter 1.22 


The pyritic content of the coal was determined as before. 
The total iron in the coal was determined, and from it the iron 
soluble in dilute hydrochloric acid was subtracted; this gave the 
pyritic iron, and from the latter the pyrite was calculated. 


Per cent 
TOCA ITON saosin eee oe ee: 1.440 
ELC Soliubbleahic nese aa Rem er 0.510 
PyritierlrOns. tence eee ae eee 0.930 
Caloulated sc. cece ee ee eee 
Pyritercontent. ome teen eee eee 1.397 
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The iron was determined volumetrically by the Zimmermann- 
Reinhardt method, as modified by Jones and Jeffery’. 

It will be noted that the pyrite content of the second lot of 
coal is slightly less than that used in the former series. This 
fact was taken into account, however, in making up the pyrite 
content of the coal; the pyrite used was some of the same lot that 
was used in making up the first 5 series. 

Series 6.—In Series 6 the conditions were the same as those 
maintained in Series 2 and 4, with the exception that the content 
of iron pyrites was increased to 5 per cent. The mass was 
thoroughly wet down before the samples were placed in the ovens. 


TABLE 8 


SERIES 6—WeEtT CoAL—d PER CENT PYRITE 


Coal Coal Coal 
0 0-4 Ht 
BTV E TIN OUTS aera ereie ales ols ohere orerein Mole ise 72.0 72.0 
Ovenibemperabure ci ee cea ac. scare ces 40.0 40.0 
CoalPbremperature 2Co svcten cee vies os 41.0 41.0 
HRISCMUCIM Pera Une aC secsi ee stele irene cies 1.0 1.0 
ERA CPININO UTS ararceers Gaecrecetons ceguers aesiciesesela;« eve 72.0 12.0 72.0 
@Ovenscemperaturel (©y.. ne. secs ose os 62.0 62.0 90.02 
@oalstemperatures 2Os..; 0 ees cess ose ee 62.0 64.5 105.0 
RISemvemperavure:c@uc. ences ceseie ene 0.0 2.0 15.0 
ASNT ESIME MN OUTS ereraetveciosiercel aon ecierseteie soi 72.0 72.0 72.0 
Ovenivemperavures Ce. saws ss. ees 83.0 83.0 83.0 
Woalstemperdvures sCore. cs cwiie ite oe 90.0 94.0 91.0 
isel temperature [Chen . cee. saaiec sos 7.0 11.0 8.0 
BIRTHS NOUTS sr steyavorrsisvercieclerais co Mere sausy ore ous 20 72.0 72.0 
Ovenivemperaoure: Ct. leeee senate a. 110.5 126.0 116.0 
Worletemperatburem@rsee caso ae ce 210.0° 169.0 133.0 
leer TerenjoreyN “Cho ocnonocamsndnoode 100.0 43.0 17.0 


Series 7.—In Series 7 the content of iron pyrites was left the 
same as in the natural coal. It was not thought advisable to 
carry the amount of iron pyrites above the 5 per cent as used in 
Series 5 and 6, for the reason that a consistent increase in ac- 

1 Analyst, Vol. 34, p. 306 (1909). 


2 Battery run down; was recharged; the coal was again thoroughly wet, as it had dried out. 
3210° was aS high as the thermometer would register. Upon removal from the oven the 


coal took fire, as in Series 4. 
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TABLE 9 


SERIES 7—MIxED CoaL--DRY AND WeEtT—1.40 PER CENT PYRITE 


Dry Wet 
AMAA ISO Re Gomese op OOD domoucumaD om Soba 72.0 72.0 
Ovenmvemperdture sO... «anaes e ete eke eae meer 40.0 40.0 
Coal Wenn aene eine, AOes cos of obond0 sccm des obo voON c 44.0 41.0 
RISC M LEMP ETA UU EO, wlalevertctnnte eierseetmtoreieleilal nereler ele 4.0 1.0 
IMME HIM MNOWES tc. 28 sis ois nis slcele sa lyre We eters eee eee 72.0 72.0 
Owen, Wein FE HLNR IC So Wocny aauceocUDo Gono goo0dK 62.0 62.0 
CoOtlemvemperacuTre (Can sacocemoce sects ea eiclereern 67.5 62.0 
RIES. WeleMocIehiiblite WC hacuascgamediodod au oo@ooons 5.6 0.0 
EIEIO Mia CUI TO tessen s:nepeies gas Sa eteccbal ere soreunttenstalee tee verere 72.0 72.0 
@vyen vemperavure: Cie csnscmcces es casio sis 2 sie etrer 86.0 83.0 
Cloris erchony rerennindew — OC manamencgane ose oe cagesdoccoss 101.5 89.0 
FRISCH UCI DO LA CULO Crete cravsciave cisleleeatusnetelereionicterantenateors 15.5 6.0 
CPIM IME OUTS s cuosrialcmierse ccs nero. < rset eiateeseatols 12.0 72.0 
MOV emavemperatire Cea acres wre wea eerie 110.5 110.5 
@oalmetemperavuTre Cee. memes. sae ve stolen eryreerereergeats 128.5 127.5 
RISC m UCI PCLUUUTE =: Craiercitelere erie tice cr etatoteieietactersyore : 18.0 17.0 

TABLE 10 


SERIES 8—MIXED CoAL—DRyY AND Wet—3 PER CENT PYRITE 


Dry Wet 
PRIMO R MOUS) Saeed ccc sete seca Selten eae e ee 72.0 72.0 
Owe WSN OS PUNE OF SGueo cmdicono dooneadiocdc sods 40.0 41.0 
Coaletemperavure:?G Nance ene cone eae 45.5 44.0 
ISSR bEM Pera Ure 2 Os mee oe. ei eet eee ee 5.5 3.0 
Pltinme sim OUTS: Sterne a atesrsers ee eater tee atere eeeee 72.0 72.0 
Ovenwbempera tures Cy. sec cca eae mone 62.0 62.0 
CoalmtemperatuneraO cn. sacred ieee eee ere 67.0 65.5 
RNS: Wea SEHK KCl gogs oman so ducobadabodontadue 5.0 3.5 
‘MNihia Vey hak | COMET Sieerckas HBG do mU widto SLGEOD sy ocueuoun Soe 12.0 72.0 
CGI UTS ENAUIEY, Ohrcoucdocooddsbossacomen coodoe 83.0 83.0 
Coal gtemperatire {C= 5. ss'cncss gua as eere ean ee 95.0 93.0 
MISC mbe IPE TULUM Om: Omey ine srr totisee rere eee 12.0 10.0 
Evite al MSH OUTS <2 eyes ciricc oes erence eer eee 72.0 72.0 
Oven. beniperatlire O.5,, ce) ction eee 148.0 147.0 
Gal Cemiperature. °C (0... .aaa ober na oo Bonen 192.0 198.0 
Hise CEM peratite °C.n.5.7. cane hae ne eee 44.0 51.0 
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tivity accompanies the increase of pyrites to 3 per cent, and 
again to 5 per cent, which seemed ample verification of the prin- 
ciple involved. Moreover, this latter amount approximates the 
limit of this substance as actually found in coals of this re- 
gion. However, the variable employed in this series was the fact 
that sizing of the coal was not carried out. The lump material 
was passed through a small Chipmunk jaw crusher, set to deliver 
the coal in pieces not exceeding + in. to 4 in. in diameter, but 
carrying with it a very considerable amount of dust and fine 
particles. Since this plan involved the use of but one sample to 
cover the mixture of sizes, the dry and wet mixtures were carried 
along parallel and are covered in the table for Series 7. 

Series 8.—In Series 8 the sample of coal was prepared exactly 
as in Series 7, with the exception that the content of pyrites was 
increased to 8 per cent. Parallel jars of wet and dry coal were 
carried through the series as in 7. 

Series 9.—In Series 9 the conditions were the same as in Series 
7 and 8, with the exception that the content of pyrites was in- 
creased to 5 percent. Parallel samples of wet and dry material 
were carried through as before. 


TABLE 11 
SERIES 9—MIxED CoAL—DrRy AND WEtT—) PER CENT PYRITE 


Dry Wet 
SRNENE WaT INOUE BAe doaesonaoseonosceD pede Ondsotonue 72.0 2e0 
Ovemetvemperabure genes estas ace) ose ciele oie eres 41.0 40.0 
Conll tiemnoee ites “Oss 5000 oocsccuo nap asGoo6sooGane 47.0 40.0 
ISO eee emnnbueey “Ccocccocnanonasunoonnonoounn ose 6.0 0.0 
GMIONE: TAINO ceocoasoapes osoobsuoUG onsuOGZ00CGRS 72.0 72.0 
@OvensveniperdcUre sc Ci. ye. oem ee b sieieercitete 62.0 62.0 
Conil qweirerreyaii: Choebobenntoune pootrwoncnuocn 68.0 65.0 
iis tonyorrpnnbucs AWoccoconeens dssovpgne0o0es00n OK 6.0 3.0 
AUheayS ANNO MIES een oak. ode. SE eneD Doge ooucoaS. oN por 72.0 72.0 
Oven temperature °C-...............:- We er: Prtiets 83.0 83.0 
Com womnnereyebhys. (Oc cose opocn codeeborenodcd 95.0 93.0 
Rises scemperatvure “Co... eswccurtdoe ees eens ole 12.0 10.0 
ORC w IIMA OUES sere teers einer sreis «eles is Suu coo ot 72.0 72.0 
ONenmLeMperavurer © veces ei eae oe nOCEDS 142.0 132.0 
Coal temperature °C...... Ree eros createed crete eueroarete 186.0 180.0 
rise temperature °C... i eee secs cwieesiceee usiee 44.0 48.0 
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Series 10.—In the foregoing series, the evidence was conclusive 
to the effect that with the finer sizes and the presence of iron 
pyrites of 8 per cent or over, together with moisture, there re- 
sulted arise in temperature which quickly resulted, upon removal 
to the air, in combustion of the coal. This property was marked 
in both the O size and the 0-4 in. size and, since the latter was 
easy to prepare, it was made use of in the subsequent experi- 
ments, together with 5 per cent pyrites, for the purpose of test- 
ing the effect of various salt solutions as a possible means of 
checking the rise in temperature. 

In Series 10, two strengths of sodium chloride solution were 
used with results as shown in Table 12. 


TABLE 12 


SERIES 10—S1zE 0-4—5 PER CENT PYRITE 


Wet with | Wet with 
3 per cent |10 per cent 
NaCl NaCl 
Solution Solution 
PRiMeHNSNHOULSssa.c vee ees oe eee Ne Nee eee 72.0 72.0 
OvenmbemperatunecoC:.. sake soeetas rhea otis eee 43.0 43.0 
Woalmtemperature COT ekwvaccuire sen ae eis ore ore 43.0 43.0 
RISE wuGEMPCLa UUTEs CC recs merncten oe erckerseieisiere ohttasneuave 0.0 0.0 
MIBU TINO SUTIGTL OUTS 5s 70\.cteyescte crs oie cveue eit rote nterahd oemete reste cee 12.0 72.0 
Ovens temperavurercG.n wicca serch mee dette cere 63.0 63.0 
Coulsebemperavurer cs... siccaonen eee eee 63.0 62.0 
IRIiSCweCCMPCLrabULe, COS vos airs seitenenion ieee eers 0.0 
Msn CuIMMNOULS aires cactnce rome eens SI aE: PaO 72.0 
@Ovenmevemperaburesc@ rnin eee cee 83.0 2.0 
Coalmitempera tures SCs... ete cece ere ee 89.0 88.0 
iSemabemperaGuresCOe.c cn. marae me read oomeme etree 6.0 6.0 
PEIN e SIMS OUTS ree ss eee eo alcrare ere eee ero y eT 20 72.0 
Ovenetemperabureuc@rccoccmaayee acces cr ieee 112.0 115.0 
Coal temperatures oC ian ee eee ee ine eee. 180.0 190.0 
IISCHCEIM PELALUTCMO. sane er ete cee ee 68.0 75.0 


Series 11—In Series 11 the same conditions were maintained 
as in Series 10, with the exception that 8 per cent and 10 per cent 
solutions, respectively, of calcium chloride were employed. 


PARR-KRESSMANN—SPONTANEOUS COMBUSTION OF COAL 19 


TABLE 13 
SERIES 11—S1zE 0-}\—5 PER CENT PRYITE 
Wet with | Wet with 
3 per cent | 10 per cent 
CaCl CaCle 
Solution Solution 
Lines inthours. ...-- SB OG an MORRO nn e T2 72.0 
Ov CnmLemMperavurerecO see iaroceecii ee er ec ne See 43.0 43.0 
Coalmetem peratures’ Ces cs cw eesiestoirtensecee sce sree als 42.0 43.0 
ISCmE LEI Pela CUTCRCO. se wai sereetetecttnienmteio em renee ee 0.0 
MINIT CO PUME I OUES -veperonsise assess oi0%sie il (sva,5 aialieuavere nrorus efvte we aces 72.0 72.0 
Ovens vemperavurencO sannaccnsc: se sain ee ee ec ners 63.0 63.0 
Coalmatem peravuressC concen cecsleciocss betiee ents 63.0 63.0 
RISC CEMMPCLAUUPOCC OS. oiec5 we aves -fomiieelsisteo ecient 0.0 0.0 
IM UCaVE.5 bate OKOL UT lies cloc noun che Beta oto ic Sica Oar 72.0 72.0 
OveEnmceMpPeravurcinc Cage ges uci coe astern ie ciel 82.0 83.0 
Coale temperature — Orrnc.c ac ceri, sans since nee. 91.0 85.0 
WRISewE CET PETAL UTC =o Cis cteenecreters cc) renegeialere tars seen elaiel os 9.0 2.0 
BIRT MITUE OUTS renee eet cols vives ic eaceuiee ieee oleegs one 72.0 72.0 
Ovenm vemperavurecs@ xe se wise ecco, cee sats Seti rerel eve ete 124.0 122.0 
Woalmmve mm PeravUne nc Oe cca cate oeieeieve comics re oe kere 184.0 148 0 
RIGO. Waryjeehnoey Ch ogasocanonodc  eevapiene aieiaverstelaiere 60.0 26.0 
TABLE 14 
SERIES 12—Si1zE 0-}—5 PER CENT PYRITE 
Wet with 
Saturated 
Lime Water 
GRC. THN NOIRE saetoobo.chadocanDundo000G : 72.0 
OvengremperauuUnewc Car cemetary tit 43.0 
CoalMtemperaturem: © cctteerrrrriierier 43.0 
Rise’ temperature °C........ 0 as.-.e+s-- 0.0 
IMineTN INVORIRc anacagoooocID 000K OGsOs00L 72.0 
Oven temperature °C......-....-.0-.56- 63.0 
@oalitemperavure <© oi sir ee ies 63.0 
Rise temperature °O...... ........6... 0.0 
ADA I VOUUbovoccega0aooOD ONO OD aood 72.0 
Oven temperature °C............. easier 83.0 
Coal temperature °C........--.--..--- 91.0 
Rise temperature °C.. .......-..++.0es 8.0 
AMiheNabil eve ebnocposeoonnd 140500000 Nae 72.0 
Oven temperature °@.... 7 .s2.--0- -- 124.0 
Coal temperature °C.........+.+. ...0- 168.0 
Rise temperature -°C...0.....6.. 00 sens 44.0 
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TABLE 15 
SERIES 13—S1zE 0-}—5 PER CENT PYRITE 
Wet with | Wet with 
3 per cent |10 per cent 
NaHCO; | NaHCO; 
Solution | Solution 
MITA MONI NOE ooh bccddcocencononuocsdsouCUD OCOD CoG: 72.0 72.0 
Own isi aI ben ccodaccsbHosapoDecns oo, boos 43.0 43.0 
Coalmtemperaturesc@ a. note cece cenit 43.0 43.0 
FVISemLeMDeLALUTC a: Ceciinagwaeclue sin te resichecstontesy ce raters 0.0 0.0 
PIsTIM SwNVMOULS 0.4 cece isis earsiersia cite cole ce siemens 72.0 72.0 
Oven temperature... . asiness set coins tela ersierererele 63.0 63.0 
Otorl WOME. ese aodoocdadcooy Go00u0no0" on 63.0 63.0 
IVRGy Ui enn Coeseetn coounoouiouccdOnos ti06. 0.0 0.0 
MMITVE SET OUTS creat arses cence ete crereie crestero renter rete sine Wa TORY 
Ovenatemperauunem Orie lkie + selene etn sst rate 83.0 83.0 
Coeyl US mMypoe Hwy Waeononasdessdncodonov0GodcaobuC 93.0 92.0 
Hvisem LempenravUrenc @xcecci pasion ceteine Nererersenns reer 10.0 9.0 
MIND Op OUTS sities Sons ort ae os «eres apo Sus leverete cote lereb ante eters 72.0 72.0 
Ovensbemperabune Cen miner leloe rreromeetsrstsiers 126.0 123.0 
@oale temperature. Coe rwks csc cee eemaee eee 174.0 161.0 
RRS WAcA NO RNY XOowosnadbcarsd0060085 500080 0006 48.0 38.0 
TABLE 16 
SERIES 14—SizE 0-{—5 PER CENT PYRITE 
Wet with | Wet with 
3 per cent | 10 per cent 
FeSO, FeSO, 
Solution Solution 
BETO MMM OUIS sets earkerslterttoet cee oxo orsieeorr enero 72.0 72.0 
Oxeneremperacurey Gave cee ecto cheeieraeleenteiere eat 43.0 43.0 
CGoaletem peratures Ce Wes ee se meets emis Meee eee 43.0 43.0 
astm LEM Pera GUNES Ce ere sia cio ete creimretstntoniete crak ysis ae 0.0 0.0 
AMINE AM) NOUTS scare ss Slee a shate otters Niematotove Selatan anes 72.0 72.0 
@venttem peratures Cc. cep eee see eee 63.0 63.0 
Coals temperature CO rs. cate wae vuteetee oreo cite 63.0 63.0 
hisemtemperaburesC.jcn. <i kesaceame cme canta one 0.0 0.0 
EDU CPIM MHOUTS cada canine etencoeterse ee ROC ae ete 72.0 220 
Ovenstemperavure: Cer. iu eren Hane ene 83.0 83.0 
Goal’ temperature -Owegecre ccs chee eae lene 93.0 95.0 
ISIS@aICEMPCLa bUNC Cr wt iresten einen tere een oie 10.0 12.0 
pLime sd MehOUrs: -sntyieeiincecieelctte mye) ayerayoue) craters yeraets 72.0 IRD) 
Ovenstemperavures Cavemen aoa Selene oceanen 132.0 124.0 
Coaletemperattre °C... vwacenem aeeeeea etnies ie 181.0 186.0 
Kise utemperature::Ciracs io ee ee eee 49.0 62.0 
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Series 12.—In Series 12 the same conditions as to size and 
pyritic content were maintained, the wetting of the coal being ac- 
complished with a saturated solution of lime water. 

Series 13.—The same size of coal with the same pyritic con- 
tent was employed as in Series 10-18 inclusive, excepting that 
the solutions used were 3 per cent and 10 per cent respectively, 
of sodium bicarbonate. 

Series 14.—In Series 14 the conditions as to size and pyritic 
content were maintained as in Series 10-13 inclusive. The so- 
lutions employed, however, were 8 per cent and 10 per cent of 
sulphate of iron. 

Series 15.—In Series 15 the principle employed was that of 
subjecting the sample to pre-heating at temperatures approach- 
ing the extremes attained in the ovens under the several series 
preceding. This series was made up as follows: 

One jar of size 0-%, 5 per cent pyrite, dry. 

One jar of mixed coal, i. e., a mixture of about equal parts of 
sizes, 0-¢, 4-4, ¢-8, and 2-37, made up to 5 per cent pyrite, 
dry. 

One jar of exceedingly fine coal, finer than ordinary dust, 
made by grinding the coal for 100 hours in a ball mill, the 
latter being a large iron jar with a porcelain lining, having 
a screw cover. About equal parts of coal and 1 in. to 14 
in. quartz pebbles were put into the jar. After grinding, 
the coal was sifted through a 200-mesh sieve so as to 
remove any small lumps, and was then made up to 5 per 
cent pyrite, dry. 

These three jars of coal were placed in the 40° oven first and 
moved up after 8 days, as described previously. After being 
taken from the 115°-120° oven, they were allowed to cool for 3 
days and then were replaced in the oven for 3 days, the rise in 
temperature in all cases being noted. 

TABLE 1i 


SERIES 15 
First Heating 


Mixed Coal 
Ath haravecub sb) solo ty toe ae cine to cb oroso.oComOue 72.0 
@venmvemperauulem: Cremer treet 120.0 
Coal temperavures Critter riette ee 163.0 
Riser temperavure Cerca) auricle 43.0 
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Second Heating 


MING AMG O UPS as... sie. crete ere toe eters Meroe 72.0 

Oven temperature cC.7 eee eeeeeeee a ree 135.0 

Coal temperature: c©acve rr simmater ete, 146.0 

Hise temperature 2 Olas e se hake 11.0 
First Heating 

Size 0-} 

APIMCHMGHOUTS eerie dor aie ere teeter: 72.0 

Oven temperature °C...... ...... 005: 140.0 

Coals temperature ci - sera mens erenes 210.0 

Risem tempera turens© aw ceretl etree 70.0 
Second Heating 

TIiMesin"hOUTSS es ewe sees 72.0 

Oventtemperatunes Caw -ceeecmeiae 136.0 

Coal temperatures: a ..71. oer crs 155.0 

Kises temperatures {Cane eeereeeeiere 19.0 
First Heating 

Ball Mill 

Size 

Time: in’ HOUTSY... ces ost c ores sloeienretierereeetee 48.0 

Ovenstemperavurem:© ee ene eae cree ae 69.0 

Coalmtemperaturei: © escenario 205.0 

Jauefe) [eeyajareyA: Cosa oyooudaooc: ound 136.0 
Second Heating 

med nshourss tee meee ine trate teen 72.0 

Oven temperature °C........,. ... ee coon 64.0 

Coal tenmperaturess Ci... ccctenre 73.0 

Rise temperature 2Cra. acces ascent: 9.0 
Third Heating 

Timesin- NOUTSEa.jecee, CeYomet eaters 72.0 

Oven! tempera cures: Cae renee 147.0 

Coal temperatureme© secure 220.0 

Rises temperatures «Chmassne sere eer 73.0 
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III. DISCUSSION OF RESULTS 
DISCUSSION AND PRESENTATION OF DATA 


Series 1.—In order to make possible a more critical and com- 
parative study of the various series, the temperature increases as 
tabulated in Series 1 to 15 were plotted in the form of curves, in 
which the oven temperatures were taken as the abscissas, and 
the rise over the oven temperatures as the ordinates. These 
curves shows many interesting results, and a detailed study can 
be more advantageously made by reference to the curves rather 
than to the temperature tables. 

Fig. 3 shows that the temperature increase is greater as the 
size of the coal decreases and that most of the oxidation, assum- 
ing it may be measured by the rise in temperature, takes place 
above 60°C., with a more positive index of activity than at 80°. 
In examining these details of oxidation and the accompanying 
temperatures, itis very suggestive to review briefly the studies 
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on oxidation temperatures as carried out by Parr and Francis. 
Those studies were conducted upon 2-gram samples of coal, sus- 
pended in an atmosphere of oxygen, with one thermometer for 
reading the temperature of the coal and another for indicating 
the temperature of the surrounding gas. In addition to the tem- 
perature rise of the coal, the appearance of carbon dioxide in the 
circulating gas served as an index of the starting and to some ex- 
tent of the oxidation. In these previous experiments, the observed 
point where carbon dioxide appeared in the escaping gas was, 
in general, from 112°C. to 125°C., and the oxidation became so 
active as to show a marked increase in the internal coal tem- 
perature. From this point onward, the conditions for arriving 
at active combustion were quickly reached. Comparing these 
facts with those indicated by the curves in Fig. 3 we see a strik- 
ing suggestion of chemical action other than that which results in 
the formation of COz. For example, at 80° in Fig. 8, all of the 
samples show a slight increase in temperature over the tempera- 
ture of the oven atmosphere. It is evident that in these large 
40-lb. samples a much more sensitive index of the inception of 
heat generation is obtained than with the small 2-gram samples 
of the earlier experiments, so that doubtless chemical action in 
some form must be considered as having commenced at a tem- 
perature considerably lower than the 110° to 120° shown in those 
experiments. In the present tests, it assumes positive activity 
quite uniformly at about 80°C. 

An element not usually considered may here enter into the 
case, and that is the initial oxidation of coal which does not show 
itself inthe formof CO. Parr and Barker’ and also Chamberlain? 
have shown that freshly mined coals have a great avidity for 
oxygen, which enters into combination presumably with the un- 
saturated hydrocarbon compounds of the coal, and this action goes 
on at ordinary temperatures. Just what heat increment may be 
due to this action or what acceleration of the action may result 
from an increase of temperature has not been investigated. 
Doubtless, however, this initial oxidation extends over and mer- 
ges into the more pronounced form, which shows itself both in 
the presence of CO, and in a marked increase in temperature. 
This may be a partial explanation, at least for the peculiarity of 


1Builetin No. 24, U. of I., Eng. Exp. Sta., June, 1908. 
2Bulletin No. 32, U. of I., Eng. Exp. Sta., March, 1909. 
®Bulletin No. 383, U. S. G. S., 1909. 
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the curve in Fig. 6 of Series 3. A still more noticeable sugges- 
tion of the earlier studies on oxidation is found in the higher 
temperatures. For example, with the oven temperature at 108°, 
these larger coal masses have attained temperatures ranging 
from 115° to 145°, and from this latter point, the progress to 
ignition temperatures as indicated in the earlier tests on the 
small samples would be very rapid. This was found to be the 
case, as will be seen from a study of the subsequent experiments. 

Series 2.—F'rom the curves of Series 2, Fig. 4, it may be seen, 
as expected, that any heat generated by the process of oxidation 
is used in driving off the water with which the coal was thorough- 
ly soaked before putting in the ovens. At 80° C., however, we 
get an increase in temperature over the oven temperature, even 
though the coal still contains some moisture. It is to be noticed, 
however, that the final increase in temperature of the two finer 
sizes is somewhat greater than in Series 1, when the same coal 
was used dry. 
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Series 3. — Fig. 5, giving the results of Series 3, showsa new 
and interesting phenomenon, viz., the effect of the size of the coal 
on the rate of oxidation. Series 1 showed that the fine coals ox- 
idize more than coarse sizes, and also gave an indication of the 
rate of oxidation, although this was not noticed in time to make a 
detailed study of it in the first series. In Series 3, however, tem- 
perature readings were made every few hours during the time 
that size 0 was in the 115°-120° oven. As is seen in Fig. 5, 
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the curve of size 0 is made up of two curves, one of which rises 
to an excess temperature of 75.3° and the other shows an in- 
crease of 46°, which is even lower than the temperature increase 
of the next size, which is 51°. The first temperature of 
75.3° was reached after the coal had been in the oven only 30 
hours, and from that time until the end of the 72 hours, the tem- 
perature gradually decreased to 46°, which was the final temper- 
ature. The results of this study of the rate of oxidation, as 
measured by the increase of the coal temperature over the oven 
temperature is shown in graphical form in Fig. 6. 
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As seen from this curve the temperature increased very rap- 
idly during the first 30 hours, when it reached a maximum, and it 
is very probable that at this point this fine size of coal had satu- 
ated itself with oxygen. The temperature then gradually decreased 
until the final temperature was only a little more than one-half 
the maximum temperature attained. This phenomenon was 
observed only in the case of the finest size, size 0; the rise in 
temperature of the coarser sizes was a gradual rise over the en- 
tire period of 72 hours. If an average between the maximum 
and final temperature of size 0 is taken, then a consistent, though 
not very marked rise in temperature of Series 3 over Series 1, is 
noticed. These two series are the same throughout, excepting 
their pyrite content. 
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Series 4.—Series 4 was coal having the same pyrite content 
as the preceding series, only in this case the coal was first thor- 
oughly wet. Several new points are seen. Size $-t, which was 
as dust free as it was possible to make it, dried out very soon and 
showed an increase in temperature even in the 40° and 60° ovens, 
whereas the two finer sizes did not even get dry at these temper- 
atures. Size 0, at the end of three days, showed an increase over the 
oven temperature, of 11 3.7°, this being as high as the thermome- 
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ters would register. On removal from the oven and on examina- 
tion the following day, it was found that the coal had taken fire 
and that the thermometer was not far enough down in the coal to 
measure the total increase in temperature. The coal took fire in 
the middle of the jar, and, because of the slight access of air, the 
burning was only a slow smoldering. The jar was left out in the 
room temperature for about two weeks after it was taken from 
the oven, and was then re-examined. It was found that the coal 
on the interior of the jar had burned completely to an ash, al- 
though there was a ring of unburned coal all around the inside 
of the jar about 3 in. thick. This ring of unburned coal proba- 
bly acted as an insulator for the burning coal within the jar, for 
being at room temperature, the coal nearest the sides of the jar 
was at too low a temperature to burn. After removing size 0-# 
from the ovens it was allowed to stand in the container for sev- 
eral weeks, when it was found that it also had started to burn, al- 
though the combustion was not as complete as in the former case, 
and although the rise in temperature while in the ovens was not 
any greater than had been attained by some of the dry coals which 
had not taken fire under similar conditions. This series shows, 


/ 
ty 


siz 


60 


Ao 


20 


OVEN TEMPERATURE DEG.c. 


INCREASE IN TEMPERATURE OVER 


20 40 (to) 80 KeTo) 120 


OVEN TEMPERATURE PEG.C. 
FIG. 7. 
SERIES 4—3% PyRITE—WrEr COAL. 


PARR-KRESSMANN—SPONTANEOUS COMBUSTION OF COAL 29 


therefore, the effect of having the coal wet and also shows how 
much more dangerous and how much greater is the liability of a 
coal to ignite spontaneously if it has been wet. The fact that the 
coal in this series took fire and that the coal in the preceding 
series which was of the same composition did not, shows the sig- 
nificance and danger arising from a coal, dependent entirely upon 
its condition when stored. 

Attention is here directed again to the former studies on ox- 
dation by Parr and Francis’. In that work it was found that up 
to a certain point, oxidation continued only so long as the ex- 
terna] source of heat continued, but after that point was passed, 
the oxidation was self-propelling, passing very quickly to the ig- 
nition stage. In the powdered sizes and in an atmosphere of oxy- 
gen, this rapid oxidation began quite uniformly at about 160°C., 
and soon thereafter ran up rapidly to ignition. In air, a temper- 
ature above 200° was required. This phenomenon is practically 
duplicated in Series 4, where the zero size of coal, after reaching 
193° within the oven, had sufficient elevation to continue in its 
chemical activity to the ignition point upon being set out into the 
open air, and thus completed the demonstration of actual burning 
up of the sample. 

Series 5.—Series 5 shows a slightly greater rise in tempera- 
ture than does Series 3, and, since these two series were exactly 
the same in all respects except the pyrite content, it seems 
reasonable to suppose that the greater degree of oxidation, as 
measured by the rise in temperature, of Series 5 over Series 3 
must be attributed in some way to the increased amount of pyrite 
present. It is true that the increase of temperature rise of Series 
5 over Series 3 is not very great, but it is consistent in all the 
sizes, and as the pyrite content was the only variable in the two 
systems, the possibility of other factors causing an increase in 
temperature seems to be excluded. 

Series 6.—Series 6 tends to confirm the results obtained in 
Series 4 in that size 0 again took fire, although size 0-¢ in Series 
6 did not show signs of active combustion as did the same size in 
Series 4; still it sintered together to form a cake, and in all prob- 
ability would have taken fire had it been allowed to remain in the 
oven a little while longer. This difference in action of these two 


1Bulletin No. 24, U. of I., Eng. Exp. Sta., June, 1908. 
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sizes in the wet series may be accounted for by the fact that size 0-4 
in Series 6 may have had a little more water in it than the same 
size in Series 4, and, so may have taken a little ionger time to dry 


OVEN TEMPERATURE DEG.c. 


INCREASE IN TEMPERATURE OVER 


OVEN TEMPERATURE DEG. c. 
Fia. 8. 
SERIES 5—5% PyritTeE—Dry COAL. 


OVEN TEMPERATURE DEG.C. 


INCREASE |IN TEMPERATURE OVER 


40 ‘80 {zo 
OVEN TEMPERATURE DEG. Cc. 
lines ©) 
SERIES 6—5% PyriITE—WET COAL. 


PARR-KRESSMANN—SPONTANEOUS COMBUSTION OF COAL 81 


out, thus being in the oven a shorter length of time after it had 
become dry. For each size an attempt was made to use practi- 
cally the same amount of water, and in the finer sizes this usually 
required between four and five liters. In wetting the coal, the 
water was added slowly with continual stirring, so as to drive out 
all the air, and the wet coai then had the consistency of a thick 
slush. The fact that the finest size of Series 4 and 6 took fire, 
while of the same size and having the same composition, the only 
difference being that the coal was dry, (Series 3 and 5), did not 
fire, certainly seems to prove the statements made on page 28 con- 
cerning the results of Series 4. 


OXIDATION OF SULPHUR AND RESULTING HEAT INCREMENT 


To determine how great an oxidation of pyrite took place, the 
water-soluble sulphur in the fresh coal and the various sizes of 
oxidized coal was determined. This was done only in Series 2, 4, 
and 6, where the coal had been wet, for it was thought that the oxi- 
dation of the dry pyrite would not be very great. The results are: 

Water-Soluble sulphur in the fresh coal....0.0189 per cent. 

Water-Soluble sulphur in the oxidized coal: 


Size 0 | 0-4 it a8 
per cent/per cent|per cent percent/per cent 
CLICS Bemis ciersiece cue ensiererctore es y-ee+| 0.196 | 0.178 | 0.0317 | 0.0231 | 0.0214 
SCriCse dare scsi Nols on ace tes on 0.349 | 0.340 | 0.1088 
DCLICS Giseieeing sss) oss eislee ccae a5 ....| 0.744 | 0.698 | 0.5520 


Deducting the 0.0189 per cent of water-soluble sulphur orig- 
inally present in the coal, occurs, as the result of the oxidation: 


SizeO | 04 4+4 4-4 g-2 
per cent|per cent/per cent/per cent/per cent 
SOIREE PF a Sido dia aneoucccn Cou Iaericac 0.177 | 0.159 | 0.0298 | 0.0212 | 0.0195 
SOMOS Aa crt is stent eines OE 0.330 | 0.321 | 0.0999 
SOLICGr Onraine ce creole c.e Stacniyaesietaaeee 0.725 | 0.679 | 0.5330 


If we average the water-soluble sulphur of the two finest 
sizes, (the coarse dust-free sizes of coal did not retain much of the 
finely ground added pyrite), and calculate the water-soluble 
sulphur to pyrite, then we can get a fair estimate of the 
amount of pyrite that has been oxidized to the soluble ferrous 
sulphate condition. 
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Original H:O |HeO Solu-|Ratio of Calcu- 
Pyrite Soluble |bleS Calcu-] lated FeSe to 
Content S latedtoFeS2 Original 
per cent per cent per cent per cent 
OTICS: Zits sissies we 1.65 0.168 0.308 18.7 
SOTICS 42s, ce ciistascssie wees 3.00 0.326 0.612 20.4 
SETLESTC ee sine tee eines 5.00 0.702 1.316 18.8 


From the above table, it may be seen that even with widely 
differing pyritic contents, the amount oxidized was practically 
constant, for, as shown in the last column of the above table, about 
19 per cent of the pyrite present in the coal was oxidized to a sol- 
uble condition. 
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Having determined the degree of oxidation of the pyrite, it 
would be interesting to learn how great an increase in tempera- 
ture would be due to the heat liberated by the oxidation of the 
pyrite, without taking into consideration the heat liberated by 
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the absorption of oxygen by the carbonaceous material. Pyrite 
oxidizes according to the following equation: 


2FeS, + 70, + 2H,O = 2FeSO, + 2H,SO, + heat. 


It is true that the oxidation goes further: the final product is 
probably a mixture of ferric sulphate (Fe, (SO,) ; ) and basic fer- 
ric sulphate (Fe (OH) SO,), and this would tend to increase the 
amount of heat liberated. Also, some of the free sulphuric acid 
formed would combine with some of the basic materials present 
in the coal, such as lime or alkali, but for the sake of simplicity 
and to be sure of obtaining a conservative or rather a minimum 
estimate of the effect of this heat, only the heat liberated in the 
above reaction wascalculated. Thedata of the heat of formation 
of the oxidation of pyrite to ferrous sulphate are not yet known; 
at least a record could not be found in any of the standard physi- 
cal-chemical authorities, but Somermeier’ has determined the 
heat of combustion of pyrite to ferric oxide and sulphur dioxide, 
so by calculation involving known reactions, the heat liberated in 
the above equation is found as follows: 


2FeS2 + 11 O = Fe2Os + 4802 + 373 K (1) 

2Ke + 30= FeO: + 198 K (2) 

2FeS2— 2Fe + 8O0= 4SO2 + 176 K (1) = (2) = (2a) 

4802 +40 + 4H20 = 4280, + 256 K (3) 

2FeS2 — cae + 120+ 4H20 = 4H2SO, + 431 K (2a) + (3) = (8a) 

Fe + 2H:SOs. = 2FeSOs4+ 2He+ 94 K (4) 

2FeSe + ae o + 4H2O — 2H2SO1 = 2FeSOs +2H2 + 525 K (3a) + (4) = (4a) 
O + 2He = 2H20 mits wie (5) 
2FeSe + 140 + 4H2O — 2ESOs = 2FeSOs + 642 K (4a) -+- (5) = (5a) 


or, 2FeS: + 7 O2 + 2H2O = 2FeSO. + 2HeSO. + 642 K 


K is used as the symbol for the large calorie, the heat liberated 
in each of the above equations being expressed in mols of the sub- 
stance in the reactions. No account is made in this calculation of 
the heat of solution of the sulphuric acid nor of the hydration of 
the ferrous sulphate. If the weight of a jar of coal be assumed 
as 40 lb., (18.12 kilograms), and if the coal contains 5 per cent of 
pyrite, then it will contain 2 lb. (906 grams), of pyrite. The iat- 
ter is 19.3 per cent oxidized, then 19.3 per cent of 906 grams will 


1 Jour. of the Am. Chem. Soc., Vol. 26, p. 566. 
Nors.—He finds that 1 gram of sulphur in the form of FeS2 yields 2915 calories. Then, 2 
gram-mols of FeS2 would yield 2915 x .533 x 240 = 373 large calories. 
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enter into the reaction (or 177 grams). The molecular weight of 
pyrite is 120, and two molecules entering into the reaction would 
be 240, hence $44 x 642 K, or 473 K will be obtained as the heat 
liberated by the oxidized pyrite in 40 lb. of coal. The specific 
heat of the coal used is not known, but some rough experiments 
by Threlfall’ show that the specific heat of bituminous coal varies 
from 0.3 to 0.45, with the average at about 0.35. Ifthe specific 
heat of the coal used be assumed as 0.35, then the heat generated 
by the oxidation of the pyrite would be sufficient to raise the 
temperature of the coal 

ay 35 -or 74.5°, which, it may be seen, is sufficient in 


amount to account for the larger part of the increase as indicated 
by the curves. Threlfall calculated the heat of oxidation of py- 
rite from one of Richter’s experiments, the data of which were 
available. He also calculated the heat of oxidation of the carbon- 
aceous material from the loss of hydrogen and carbon during the 
oxidation. In this experiment, the coal was heated to a temper- 
ature of 190°C. for ten hours in a slow stream of air. The ox- 
idation of the pyrite gave enough heat to give a rise in temperature 
of 175°, and the oxidation due to absorption of the oxygen gave a 
rise of 750°, about four times as much. From these data, the 
total heat evolved from the pyritic oxidation does not seem im- 
portant when compared with the heat liberated by the absorption of 
oxygen, but itis to be remembered that the absorption of oxygen 
by coal is immensely accelerated at an increased temperature, 
and it seems very probable that the pyritic oxidation may be the 
means by which this temperature, favorable to active oxygen ab- 
sorption, is attained. 

As has been shown by the work of Parr and Francis,’ the 
temperature at which oxidation of the coal substance itself actu- 
ally begins (about 120° in oxygen and 135° in air) is compara- 
tively low, and therefore any influence which would serve as a 
force to bring the coal up to this temperature should be taken 
into account. Since coal is a rather poor conductor of heat 
the major part of the heat generated, within the pile will be re- 
tained, and from the calculation of the heat generated by the py- 
ritic oxidation, it may be seen that a sufficient quantity of heat 


lJour. of the Soc. of Chem. Ind., Vol. 28, p. 763. 
2 Engineering Experiment Station, University of Illinois, Bulletin No. 24. 
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was liberated to bring the coal up to this temperature of 1355 
at which active oxidation of the carbonaceous materials begins. 
Of course the rise in temperature of a coal pile in storage up to 
135° should not be ascribed to the effect of the pyritic oxidation 
alone, for it is the result of the heat liberated by the oxidation of 
both the coal and the pyrite. The above, however, was merely 
given as an example to show how great the effect of the pyritic 
oxidation may be. 

Since the above experiments show that the oxidation of the 
pyrite is practically constant, that is, about one-fifth of the 
total pyrite present, then it follows that coals with increasing 
pyrite contents will have a corresponding increase in pyritic 
oxidation and a correspondingly greater amount of heat will be 
liberated. The result is a hastening of the rise in temperature up 
to the critical point at which the absorption of oxygen by the coal 
itself is rapid enough to increase the temperature up tothe point 
of selfignition. This seems to be the explanation of the ignition of 
Series 4 and 6 which were identical in composition, size, and 
method of treatment with Series 2, except that the former con- 
tained a quantity of pyrite sufficient to cause the coal to ignite, 
whereas in the latter series the quantity of pyrite present was 
not great enough to cause this initial rise in temperature up to the 
critical point at which no external impetus is necessary. 

It is to be remembered, of course, that in actual storage the 
pyritic oxidation will proceed much further than one-fifth of the 
total pyrite present, as in these particular experiments, but the fact 
still remains that the degree of pyritic oxidation in coals of vari- 


‘ous pyrite content is in direct proportion to the pyrite content so 


long as similar conditions of storage are maintained. It is true, 
certain coals containing practically no pyrite ignite spontaneously, 
although from the above work it is reasonable to suppose that an 
increased amount of pyrite would hasten the ignition. Again, 
the particular coal worked with did not ignite spontaneously un- 
der any conditions until the pyrite content was increased. 

It seems, therefore, that the presence of pyrite is a much 
more important factor in the spontaneous ignition of coal than 
has heretofore been ascribed to it, and its influence on the spon- 
taneous combustion of coal cannot be discarded in the off-hand 
way that has been so common with some of the previous investi- 
gators, merely because of the fact that some coals containing no 
pyrite at all would ignite spontaneously. 
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DETAIL OF ANALYTICAL PROCESSES FOR OXIDIZED SULPHUR 


Knowing that Illinois coal contains more or less calcium 
sulphate, which would partly go into solution and be included in 
the water-soluble sulphur, it was decided to determine the ferrous 
sulphate actually present in the fresh coal and also the other 
sulphur compounds. This necessitated a complete analysis of the 
ash of the coal, and with the exception of the determination of 
the alkalies and chlorine, this analysis was made. From other 
analytical work on coal done in this laboratory it is known that 
chlorine and sodium and potassium exist in small quantities in 
the coal, but as the amount of chlorine present is such as to prac- 
tically neutralize the alkali and, since their presence has no 
direct bearing upon the work at hand, these constituents were not 
determined. 

For the analysis of the ash, two samples of 10 grams each of 
coal were used. These were ashed ina platinum dish, then sodium 
carbonate was added and the fusion completed. The fusion 
was putin acasserole and dissolved in boiling water, acidified with 
hydrochloricacid and dehydrated. The analysis was then carried 
out in the same manner as for any exact silicate rock analysis, 
with two dehydrations, volatilization of the silica with hydrofiuoric 
acid, etc. 

For the determination of iron and aluminum, the filtrate from 
the above,—along with the residue from the silica determina- 
tion, which had been fused with potassium pyrosulphate was made 
alkaline with ammonia. The precipitate of tlhe mixed hydroxides 
was thoroughly washed and then redissolved in hydrochloric 
acid, and then was made up to 250c. c. In50c. ce. of this solu- 
tion, the iron was determined volumetrically by the Zimmermann- 
Reinhardt method. The other 200 c. c. were then reprecipitated 
with ammonia and weighed. 

The calcium was determined by precipitating it as the oxa- 
late, dissolving in sulphuric acid and then titrating with standard 
potassium permanganate. The magnesium was determined as. 
the pyrophosphate. Since many of the Illinois coals also contain 
some calcium and magnesium carbonates, the carbon dioxide lib- 
erated from the coal by means of boiling 1:2 sulphuric acid was 
ce in the improved form of the Parr total carbon appa- 
ratus. 


1 Eng. Exp. Sta. Uni. of Ill., Bull. No. 37 shows diagram of the apparatus, 
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The results of the above analyses calculated in per cent of 
the original air-dry coal are as follows: 


Per cent Per cent 


Silica (SiQs)..0sc..s~ 5. ee aay ie ARE eS oe 6.108 6.055 
Heri ClO xa Gd enGHesOs) ase mrictivs so, tasers sala eee: 1.432 1.477 
Aluminum Oxide (A1l203 also any P2O; and TiOs).... 2.108 Deo 
CalciumOxiced(Ca@)eewac hacia tds sce sie eee os 1.576 1.571 
Magnesium Oxide (MgO) ............ Sal gmusreniace ace 0.123 ORs 
CanbonyDioxidew( COs). amore, asshracnaweor coos cerns 0.876 0.851 


Numerous methods for the determination of the water-soluble 
iron, that is, iron in ferrous sulphate, were tried. Among these 
might be mentioned, digesting the coal with water both hot and 
cold for a period of one or two hours and also over night, using 
dilute hydrochloric and sulphuric acid in concentrations varying 
from two drops per 3800 c. c. H,O up to as high as 2 per cent acid. 
All these methods, however gave discordant and unreliable re- 
sults. 

The method finally adopted, which seemed to give the best re- 
sults and which minimized the possibility of oxidation, was as fol- 
lows: Three samples of 25 grams of finely ground air-dry coal 
were placed in large folded filter papers. About 600 c. c. of well 
boiled distilled water, which was practically free from air and car- 
bon dioxide, was poured over each sample, the latter being well 
stirred so as to wet the fine coal thoroughly. The filtrate was 
then poured back over the coal, and the next filtrate, consisting 
of the same water as first used, was again poured back on the 
coal, thus making three leachings with the same water. The coal 
was finally washed with an additional 100 c. c. of boiling water 
and the total filtrate then brought to boiling. Five drops of 
stannous chloride solution were added, the liquid was chilled, an 
excess of mercuric chloride was added, and in five minutes the 
mixture was titrated with potassium permanganate. A blank of 
an equal amount of boiling, distilled water was run through the 
same procedure. The three titrations, which were made from 
a burette calibrated by the Reichsanstalt, and which was used 
for all volumetric work, varied 0.13 c. c. from the lowest to the 
highest. The results calculated to per cent of air-dry coal were: 
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0.0059 per cent Fe=0.0160 per cent FeSO,=0.0034 percent S. 
The water-soluble sulphur directly determined was equal to 
0.0189 per cent, and as calculated above from the water- 
soluble iron was 0.0034 per cent. The difference of these two 
values 0.0189—0.0034 or 0.0155 per cent is some form of water 
soluble sulphur other than ferrous sulphate. 

The next step was to determine the calcium sulphate pre- 
sent. This was attempted in three ways: first, since one part of 
calcium sulphate is soluble in about 500 parts of water, it was de- 
cided to dissolve out the CaSO, by digesting the coal with a large 
volume of water; second: the calcium sulphate was changed to cal- 
cium carbonate and sodium sulphate by the addition of sodium 
carbonate; and third, since gypsum is soluble in hydrochloric acid, 
a 10 per cent solution of the latter was added to the coal. 

Duplicate samples of 25 grams each of coal were treated as 
outlined above and were put on the water bath over night. The 
next day they were filtered and the sulphur carefully precipitated 
with barium chloride after the filtrates had been concentrated. 
The results of the six determinations are as follows: 


First Method gene eek Third Method 
Boiling Water p Saintion ee 10 per cent HC! 
0.0192 per cent S 0.0569 per cent S 0.0373 per cent S 
0.0187 per cent S 0.0571 per cent S 0.0211 per cent S 


The third method with its large variation may be discarded 
at once, for it seems that the solubility of the gypsum in theacid 
is not exact or reliable. The first method gave concordant re- 
sults, but as compared with the second method they are much too 
low. It is very probable that after a long period of digestion the 
first and third methods would both give all of the CaSO, present, 
but as the data show, 10 hours’ digestion at 100° is not sufficient. 
The second method gives results probably as nearly correct as can 
be obtained, although the solubility of calcium carbonate, which is 
about 50 parts in a million, would create a slight error. The sul- 
phur obtained by the second method (as it would be from any of 
the three methods outlined) is, therefore, the sulphur from the 
ferrous and calcium sulphates. The sulphur in the ferrous sul- 
phate, however, was determined by calculation from the water- 
soluble iron. The difference between these two values would, 
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therefore, give us the sulphur present as calcium sulphate. 
Tabulating these results, we have: 


Per cent 
HO soluble S calculated from H,O soluble Fe............0.0084 
H,O soluble S directly determined... er COOLS 
H,O soluble S plus S in CaSO, (Na,CO, mained ~» 0.0570 
1.186 
Total S in coal ibe hate AVOCLALG .4.. 022s sol el6OR 
1AG7 
rn Py he ye en sx 5 ates Shay ese CRO 
S in CaSO, = S as (FeSO,+CaS0,) - — aa as S FeSO, 
= 0.0570—0.0034 = 0.0586 per cent 
0.0536 per cent S = 0.228 per cent Ca SO, 
0.0034 per cent S = 0.0160 per cent Fe SO, 
Fe SO, = 0.0160 per cent = 0.0034 per cent S 
Ca SO, = 0.228 per cent = 0.0570 per cent S 
RFeS, = 1.397 per cent = 0.7470 per cent S 
Total Sulphur determined...............0.8074 per cent 
OGLE Ul PUL COL: We decor aek aie tee he 1.1697 per cent 


Sulphur unaccounted for and probably 
existing as organically combined S.....0.36238 per cent 

Since the coal used contained 0.863 per cent of carbon dioxide 
which was liberated on the addition of acid, this carbon dioxide 
must therefore exist in the original coal in the carbonate condi- 
tion, very probably as the carbonates of calcium and magnesium. 
0.864 per cent of CO, is equivalent to 1.965 per cent of CaCO. 
The calcium oxide (CaO) as determined in the ash analysis was 
1.574 per cent, which is equivalent to 2.807 per cent of CaCOQs. 

The difference between these two values, 2.807—1.965 = 
0.842 per cent of calcium measured in terms of calcium carbonate, 
is unaccounted for and probably exists as calcium silicate and cal- 
cium sulphate. 

The above has all the CO, calculated to CaCOs, but in reality 
the coal contains 0.120 per cent of magnesium oxide (MgO), which 
probably exists as the carbonate, so 0.120 per cent MgO is equiv- 
alent to 0.251 per cent MgCO; or 0.181 per cent CO,. Deducting 
this CO, from the total CO,, it would give the CO, equivalent to 
CaCO. 
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0.863 per cent total CO, 
0.131 ne cent CO, equivalent to MgO and MgCO, 


0.732 per cent CO, which is very probably all CaCO, 
0.732 per cent CO, = 1.665 per cent CaCO; 

Total CaCO; from CaO = 2.807 per cent 

Total CaCO; from CO, = 1.665 per cent 


1.142 per cent of CaCO; existing 
as CaSO, and CaSiOs3. 


CaSO, as determined = 0.228 per cent equivalent to 0.167 
per cent of CaCOs. 
1.142 per cent—0.167 per cent = 0.975 per cent CaCO, ex- 
isting as CaSiOs. 
0.975 per cent CaCO; is equivalent to 1.112 per cent CaSiOs. 
Summing up the above combinations: 


yee a 0.251 per cent 
CaCO;....1.142 per cent 
CaS0Q,.. |, 0,228 per cent 
CasiOss. csi. D12" percent 
FeSO,.. ..0.0160 per cent 

FeS,.. ..1.897 per cent 

The remainder of the iron and silica in the ash is probably 
present as earth or basic iron silicates with some free silica. The 
ultimate analysis of the ash sums up to 11.3887 percent. The ash, 
as determined from an average of four determinations, (varying 
0.070 per cent from highest to lowest) is 12.080 per cent; the dif- 
ference of 0.648 per cent is alkali, chlorine, and probably a small 
amount of combined carbon dioxide, for the ash was determined 
by blasting to a constant weight in a porcelain crucible and was 
not carried to complete fusion in platinum.? 

From the data presented, it may be seen that the oxidation 
of pyrite in fresh lump coal is very slight, and that the sulphur 
obtained as water-soluble sulphur consists of the mixed sulphates 
of iron and calcium. The meaning of the term water-soluble 
sulphur is, therefore, necessarily vague, unless the conditions of 
its determination are clearly kept in mind. The solubility of cal- 
cium sulphate is great enough to cause discrepancies in the re- 
sults and lead to fallacies in conclusions, unless care is taken to 
have conditions of determination, such as volume of water used 
for leaching and length and temperature of digestion always the 
same, Then it can be assumed, with reasonable safety, that 
the water-soluble sulphur determinations will all contain equal 
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amounts of calcium sulphate. For the determination of ferrous 
sulphate, the determination of water-soluble iron would be the 
best, if the leaching is done quickly with well-boiled distilled 
water. The practice of digesting the coal with water for any 
length of time should be discouraged, for oxidation will surely set 
in, giving, of course, an error. 


ADDITIONAL EXPERIMENTS ON MIXED SIZES OF COAL 


Series 7, 8 and 9.—Having studied the effect of different py- 
rite contents on various sizes of coal under different conditions of 
moisture and temperature, it was decided to study the influence 
of these variables on a mixture of these sizes. For this purpose 
the coal was used directly as it came from the crusher; Series 7, 
8 and 9 contained 1.4 per cent, 3 per cent and 5 per cent, respec- 
tively, of pyrite. The resulting rise in temperature of the wet and 
dry samples is shown in Fig. 11,12 and 13. Fig. 14 is a comparative 
study of the three dry samples of each series, and Fig. 15 shows 
a similar study of the wet samples. 
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SERIES 7—1.4% PyRITE—DRY AND WET COAL. 
On account of the increased amount of the larger sizes of coal 
in these series, the rise in temperature of the coal over the oven 
temperature did not approach that of some of the fine sizes of the 
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preceding series, but it is seen how much greater the rise in tem- 
perature of Series 8 and 9, with their greater pyritic content is over 
that of Series 7. This is corroborative of the facts disclosed and 
discussed in the preceding series, and needs no further comment, 
for Fig. 11 to 15 showing the results are self-explanatory. It 
may be argued that Series 8 and 9 showed such a marked rise 
over Series 7 because the oven temperature of the last oven was 
about 10° higher in Series 8 and 9 than it was in Series 7. This 
was because of a rather serious accident in the storage battery 
room which was of such a nature that it could not be remedied 
without interruption, and so spoiled Series 8 and 9; hence an at- 
tempt was made to maintain practically the same temperature as 
before by reducing the number of heating lights. It hardly seems 
reasonable, and it might be said, it is almost impossible, that an 
increase in oven temperature of 10° should cause an increase of 
the rise in temperature of about 80°, so the only variable left 
that could cause such a rise is the difference in pyritic content. 
Why this difference in behavior of these three series, which were 
identical in composition, size and method of treatment, should be so 
marked has been shown above; and all that needs to be added 
is that these series substantiate the results of those preceding. 


A STUDY OF POSSIBLE DETERRENTS 


Series 10.—Since the relative importance and the influence of 
the different variables under various conditions seem to have 
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been fairly well established, it is natural that an attempt should 
be made to remove, if possible, this property of self ignition from 
a mixture of coal that had been known to take fire. As has been 
explained before, size 0-4, containing 5 per cent pyrite, was 
decided upon. This size of coal was thoroughly wet with differ- 
ent strengths of various solutions. The 83 per cent solution con- 
tained 30 grams of the salt per liter, and the 10 per cent solution 
contained 100 grams of the salt per liter. 

The coal in Series 10 was wet with a solution of sodium chlo- 
ride so as to study the effect of an inert salt, that is, inert so far 
as undergoing any reaction with the coal isconcerned. This would, 
therefore, be practically the same as increasing the ash content. 
Fig. 16 shows that this addition of common salt exerted no retard- 
ing influence on the oxidation of the coal, the rise in temperature 
of the series being about 70°. 

Series 11.—A solution of calcium chloride was then used. This 
salt is very hydroscopic and absorbs moisture with avidity and 
also retains it, so that itis difficult to dry anything saturated with 
it. The 3 per cent solution showed no retarding influence, where- 
as the action of the 10 per cent solution was very marked (see 
Fig. 17). Inthe latter case, a rise in temperature of only 26° 
took place, which shows that a solution of this strength retarded 
the oxidation very materially. This presumably was not because 
of any action inhibiting oxidation itself, but merely because so 
much heat was used in driving off the water. 
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Series 12.—Fig. 18, Series 12 shows the action of a basic sub- 
stance, for in this series a saturated solution of lime water was 
used. The rise in temperature was not retarded to any great ex- 
tent. Lime water was used to see if it would not reduce the oxi- 
dation of the pyrite, because in the weathering of the latter sub- 
stance, a considerable amount of free sulphuric acid is formed. 
The acid would then combine with the calcium hydroxide to 
form calcium sulphate. A film of calcium sulphate would then 
cover every particle of pyrite and thus prevent further oxida- 
tion. It was hoped that this action would take place and so 
keep the temperature down, but the rise in temperature was 
greater than it was thought it would be, probably because of the 
heat liberated by the neutralization of the base by the acid. 
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Series 18.—Since even a solution of sodium bicarbonate, when 
boiled, gives off carbon dioxide, the effect of its decomposition 
under a higher temperature was next studied. Also, the sodium 
carbonate formed would make the coal alkaline and so remove 
any free acid formed. As seen in Fig. 19, the 10 per cent solution 
has quite a retarding influence, due in all probability to the ab- 
sorption of carbon dioxide by the coal instead of oxygen, and so 
the oxidation is lessened. Itis very probable that after some 
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time the coal would be oxidized to the same degree that it would 
be if the NaHCO, and CO, were not present, but the presence of 
a large amount of carbon dioxide decreases the speed of oxidation, 
extends the oxidation process over a longer period and so keeps 
the temperature down to a safe degree. 

Series 14.—Ferrous sulphate oxidizes readily and quickly to 
ferric sulphate and basic ferric sulphate. It was thought that if 
a considerable amount of ferrous sulphate were added to the coal, 
it would be oxidixed before the coal and retard the oxidation of 
the latter. This was probably the case, but the heat liberated by 
the oxidation of the ferrous sulphate just about neutralized its 
retarding influence, so that the final effect was nearly the same as 
if the coal had been wet with pure water instead of the ferrous 
sulphate solution. As seen in Fig. 20, the coal wet with a 10 per 
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cent solution gave a greater rise than that wet with a 8 per cent 
solution, the difference in rise of temperature probably being due 
to the heat liberated by the oxidation of the excess of 7 per cent 
of ferrous sulphate. 


From the above work, it may be seen that the 10 per cent 
solutions of calcium chloride and sodium bicarbonate retard the 
oxidation of the coal considerably, although whether or not a 
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commercial application of the facts disclosed in this work on 
small amounts ofcoal is practicable or not is still to be learned 
from work on large storage units. Since both of these chemicals 
are fairly cheap, the idea seems reasonable and warrants further 
investigation. 

Series 15.—In this series an attempt was made to determine 
the effect of intermittent heating and cooling, on the theory that 
the result of the preliminary heating would bring about those 
oxidation processes, which, by their cumulative effect, push the 
temperature up to the danger point, but, when once effected, 
might not be operative a second time. Three samples were thus 
tried out: one, (A) of mixed sizes, the same as in Series 10 to 1%, 
with the normal amount (1.45 per cent) of pyrite present; another, 
(B) designated as 0-é size; and the third, (C) a very fine coal dust, 
obtained by grinding to an impalpable powder in a ball mill. The 
temperature maintained by the last oven for the first or preliminary 
heating was 135° to 140°, with a view to carrying the oxidation 
along to a considerable extent, yet well short of the point of igni- 
tion. After cooling and bringing the mass up to the same tem- 
perature for the second heating, a more severe test would result 
than if a lower oven temperature were used. This plan was fol- 
lowed with all but the first sample, which hada preliminary oven- 
temperature of 120°. The subsequent heating, however, was 


carried to 140°. 
The results of these tests are given in Table 17, page 22. 


Briefly reviewed, the results are as follows: In the first heating 
of the oven containing the mixed sizes, (sample A), to 120°, the 
coal temperature rose 43° above the oven temperature; in the 
second heating, the coal temperature increased only 11° above 
the oven temperature, even though the oven temperature was 133 
higher in the second heating than in the first. Had the first heat- 
ing also been up to 135°, the rise in coal temperature would have 
been greater than 43°, and the difference in the rise of the coal 
temperature over oven temperature of the two heats would also 
have been greater. However, the marked retarding effect of pre- 
heating is well shown in this test. 

In the size 0-4 coal, (sample B), the difference in temperature 
increase between the first and second heating is much greater, 
due ot the finer size of coal used and also because the oven tem- 
perature in both heats was practically the same, the increase 
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for the first heating being 70° and for the second heating only 
19° or a difference in the rise in temperature amounting to 51°. 

The very fine coal dust from the ball mill, (sample C), rose 
to 205° within 48 hours after having been put into the 60° oven. Since 
the ventilation of the oven was insufficient to carry off the heat 
as quickly as it was generated, it was impossible to keep the oven 
temperature down to 60°, the thermometer standing at 69°. The 
fact that the coal, however, maintained this oven temperature of 
itself even though a great amount of heat was being continually lost 
because of the ventilating system, shows how large an amount of 
oxidation took place. After cooling for 8 days and then reheating 
at 60°, the coal temperature rose to 73° in an oven temperature 
of 64°, causing only a 9°rise, whereas in the first heating at this 
temperature a 186° rise took place. The coal was then placed in 
the high temperature oven, and this oven was then heated up to 
147° for three days. At the end of this time, the coal temper- 
ature was 220°, a rise of only 73° over the oven temperature. If 
this coal had been put into this oven first, without preheating, it 
would undoubtedly have taken fire at once, i. e., in 24 or 36 
hours. However, as it was, the coal did not take fire until it was 
removed from the oven and exposed to the air. The fact that 
the coal did take fire after removing it from the oven shows that 
the time of oxidation (8 days) in the oven was not great enough 
to allow a thorough oxidation, although the behavior of the coal 
in the first two heats at 60° is of immense value in showing the effect 
of preheating. This particularsample of coal, ground as fine as 
it was, represents of course an exaggerated condition, not likely 
to be found under practical conditions of storage, but it was 
used to illustrate clearly the effect of preheating, which was 
shown so strikingly when the coal first indicated a rise in tem- 
perature of 136° at 69° oven temperature and then showed a 
rise of only 9° the second time it was heated to that temperature. 
It should be noted also that in the third heating, the oven tem- 
perature was sufficiently high to produce that type of oxidation 
which results in the formation of CO,. This, with the marked 
property of condensation or occlusion of oxygen by the very 
finely-divided material, would be expected to result in a marked 
increase of temperature, quite distinct from what would occur 
with an oven temperature of only 60°. 

To show the results on these three samples in a diagrammatic 
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form, an attempt is made in Fig. 21, wherein the heat area is di- 
vided in the center. Points representing the increase of tempera- 
ture in the first or preliminary heating are located in the left-hand 
area and the points representing the increase of temperature dur- 
ing the second heating are located in the right-hand area. In 
order, then to show the relation as to differences of increase, the 
points for the same coal in the two areas are connected by a 
straight line. 
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ADDITIONAL DATA 


hailway Storage of Coal.—On account of the general strike of 
bituminous coal miners in the early spring of 1910, many of the 
large users of coal, such as the railroads, stored large quantities 
of coal for future use. In reply to a circular letter sent out for 
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the purpose of gathering data and information concerning this 
coal in actual storage, Mr. P. Maher, Superintendent of Motive 
Power of the Chicago and Alton Railroad Company, reports as fol- 
lows. A pile containing 2250 tons, 6ft. high, 300 ft. long and 8 ft. 
wide, of run-of-mine, Springfield district coal, stored at Slater, I1li- 
nois, 14 months after storage, showed 30 per cent slack, and the 
company was not getting results from the storage coal such as were 
obtained from similar coalfresh from the mine. A pile of the 
same kind and size of coal stored at Brighton Park, Illinois, con- 
taining 3300 tons, crumbled into 20 per cent of slack. This pile 
was 6 ft. high, 872 ft. long and 41 ft. wide. A pile of similar coal 
stored at Ridgely, Illinois, containing 19710 tons, showed 35 per 
cent of slack and took fire in several places. This pile was 10 ft. 
high, 330 ft. long and 80 ft. wide. The reason that the latter pile 
took fire and the former two did not was probably due to the in- 
creased height. It is to be noted that the first two piles were 6 ft. 
high, while the third was 10 ft. Also, the first two piles were 8 
and 41 ft. wide, respectively, while the third was 80 ft. wide. 
Presumably, in the first two cases, the radiation of heat in the 
initial stages was sufficient to keep the rise in temperature from 
reaching the point where the more active processes were set in 
motion. : 


IV. CONCLUSIONS 


1. The oxidation of coal is continuous over a wide range of 
time and conditions, and begins with the freshly-mined coal at 
ordinary temperatures. A number of oxidation processes are in- 
volved, which are more or less distinct in character, some being 
relatively slow and moderate in form, while others are rapid and 
vigorous in their action. 

2. In general it may be said that for a given coal a point 
exists, as indicated by the temperature, below which oxidation is 
not ultimately destructive. The continuance of this point is 
dependent upon certain accessory conditions; if these conditions 
are withdrawn, the oxidation ceases. On the other hand, above 
this critical point, which is best indicated by temperature, oxidation 
-is ultimately destructive and is characterized by the fact that it 
does not depend for its continuance upon external conditions, but 
is self-propelling or autogenous. 

3. The point of autogenous oxidation, while varying for dif- 
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ferent conditions, may be indicated by temperatures of the mass 
ranging from 140° to 160°C., in an atmosphere of oxygen, or ap- 
proximately between 200° to 275°C. in oxygen diluted with nitro- 
gen, as in air, depending to a great extent upon the fineness of divi- 
sion. The phenomenon of fire or actual kindling does not occur 
until a much higher temperature is reached, usually beyond 350°C. 

4. The temperature at which autogenous oxidation begins is 
the sum of numerous temperature components, each one of which, 
either because of its own contribution to the total heat quantity or 
because of its function as a stimulus for chemical activities, must 
be looked upon as a dangerous factor, tending directly to the ulti- 
mate result of active combustion throughout the mass. An enu- 
meration of the more important elements which contribute towards 
this end are the following: 

a. Lxternal Sources of Heat.—Oxidation, especially of the 
lower or moderate form, is greatly accelerated and in certain 
phases directly dependent upon an increase of temperature. What 
may be external or physical sources of heat, and thus presumably 
avoidable, are suggested by the following: 

(1) Contact of the mass with steam pipes, hot walls 
or floors under which are placed heat conduits of any sort. 

(2) The heat of impact or pressure due to the method 
of unloading or to the depth of piling. 

(3) Climatic or seasonal temperature at the time cf 
storage. 

(4) The direct absorption of heat from the sun or 
from reflecting surfaces. 

b. Fineness of Division.—Coal in a fine state of division pre- 
sents a very much larger surface and brings a much larger quan- 
tity of reacting substances in contact with oxygen than when in 
solid masses. Under these conditions, with a condensation or ac- 
cumulation of relatively large amounts of oxygen immediately 
surrounding or in contact with the particles of carbonaceous matter, 
the circumstances are exceedingly favorable for rapid oxidation 
upon the arrival of the mass to asuitabletemperature. But more 
especially does this fineness of division facilitate the initial form 
of oxidation described under c¢ below. 

c. Easily Oxidizable Compounds.—A first or initial stage of 
oxidation exists in bituminous coals which does not result in the 


Oa ILLINOIS ENGINEERING EXPERIMENT STATION 


formation of CO,. There are present in coals of this type, un- 
saturated compounds, which have a marked avidity for oxygen 
at ordinary temperatures, the products being humic acid or other 
fixed constituents of the coal texture. Coals vary widely in this 
respect, and it has been proposed by some to regard this property 
as an index of the liability to spontaneous combustion. Itis, how- 
ever, very largely dependent upon the freshness of the coal and 
upon the fineness of division, (see b above,) and should be looked 
upon as a contributing factor, though in coals of the Illinois type, at 
least, with their high per cent of sulphur, this action should doubt- 
less be considered second in importance to that of iron pyrites. 

d. Ilron Pyrites.—The presence of sulphur in the form of iron 
pyrites is a positive source of heat due to the reaction between 
sulphur and oxygen. This may be conveniently referred to as 
the second stage in the process of oxidation. Here again rapidity 

of oxidation is directly dependent upon fineness of division. Since 
coals, as a rule, have a much higher earthy or ash content in the 
fine duff, and since iron pyrites is a large component of this ma- 
terial, it follows that the presence of dust or duff in all coals of 
the Illinois type is a positive source of danger. Since coals of the 
Illinois or mid-continental field have in the larger number of cases 
iron pyrites averaging over 6 per cent, or, as sulphur above 3 per 
cent, the heat increment from the oxidation of only + of this material 
is sufficient to raise the temperature of the mass approximately 70°, 
assuming that there is no loss by radiation. Under usual condi- 
tions, and especially considering the greatly accelerated rate of 
chemical activity accompanying a rise of temperature, this oxida- 
tion may proceed with such rapidity that the heating up of the 
mass will be but little affected by loss of heat due to radiation, 
except in relatively shallow piles. 

e. Moisture. Moisture, while essential to pyritic oxidation, 
is given separate mention because its importance is apt to be un- 
derestimated. Any coal with conditions favorable to oxidation 
will be facilitated in that action by moisture. It is to be noted in 
this connection that the normal water content or vein moisture of 
coals in this region is rarely below 10 per cent and ranges usual- 
ly from 12 per cent to 15 per cent. The presence of such water 
must be borne in mind in considering the likelihood of chemical 
activity on the part of the pyrites present. Without exception, 
in all the series of tests, the wetting of the coal increased the activi ty 
as shown by the ultimate temperature. 
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f. The Oxidation of Carbon and Hydrogen. A third stage of 
oxidation of the carbonaceous material exists by reason of the 
tendency of certain of the hydrocarbon compounds of coal to oxidize 
with the formation of CO, and H,O at temperatures in excess of 120° 
to 140°. Though this type of oxidation does not take place apprecia- 
bly at ordinary temperatures, it must be looked upon as an ex- 
ceedingly dangerous stage in the process of oxidation, owing to 
the very much higher quantity of heat which is discharged by 
the oxidation of carbon and hydrogen; so that the temperature of 
autogenous action, though ordinarily occurring at a higher point 
by 100° or more, may be quickly attained as a result of this form 
of oxidation. Any initial heat increments, therefore, which threat- 
en to bring the chemical activities along to the point where the 
oxidation processes invade the carbonaceous material in this man- 
ner must be looked upon as dangerous. For example, any of the 
initial or contributory processes which result in raising the tem- 
perature of the mass 50° above the ordinary temperature, would, 
in all probability, have enough material of the sort involved in 
such action to continue the activity until another 50° had been 
added, which would thereby attain to the condition wherein this 
third type of oxidation would begin. 

g. The fourth stage of oxidation may be indicated as occur- 
ring at temperatures above 200° to 275° and differs from the pre- 
vious stages in that the action is autogenous and not devendent 
upon other sources of heat to keep up the reacting temperature. 
Activity in this stage is further accelerated by the fact that above 
300° the decomposition of the coal begins, which is exothermic 
in character,thereby contributing somewhat to a further increase 
in temperature. The ignition temperature is reached at a point 
still further along, usually in excess of 800° to 400°C. 

5. The above formulation of the various stages and types of 
oxidation clearly indicates the principles which must be observed 
inany attempt at the prevention of spontaneous combustion. The 
following enumeration, therefore, of preventative or precaution- 
ary measures is to be considered as suggestive rather than com- 
plete in character. 

a. The avoidance of an external source of heat which 
may in any way contribute toward increasing the temper- 
ature of the mass is a first and prime essential. 
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b. There must be an elimination of coal dust or 
finely-divided material. This will reduce to a minimum 
the initial oxidation processes of both the carbonaceous 
matter and theiron pyrites. These lower forms of oxida- 
tion are to be looked upon as forces, without which it 
would be impossible for the more active and destructive 
activities to become operative. 

c. Dryness in storage and a continuation of the dry 
state, together with an absence of finely-divided material, 
would practically eliminate the oxidation of theiron pyrites. 

d. Artificial treatment with specific chemicals or 
solutions intended to act as deterrents does not offer great 
encouragement, though some results seem to warrant 
further trial in this direction. 

e. By means of a preliminary heating, the low or 
initial stages of oxidation are effected. These sources of 
contributory heat being removed, the forms of destructive 
oxidation are without the essential of a high starting 
temperature and aretherefore inoperative. Whether such 
preliminary treatinent is within the realm of practical or 
industrial possibility could not, of course, be determined 
within the scope of these experiments. 

f. Thesubmerging of coal, it is very evident, will 
eliminate all of the elements which contribute toward the 
initial temperatures. As to its industrial practicability, 
like the conditions under e above, it can best be deter- 
mined by actual experience. 

g. Other processes may be suggested by the formu- 
lation of the principles involved. Such, for example, 
would be the distribution throughout the coal of cooling 
pipes through which a liquid would circulate having a 
lower temperature than the mass. This would serve to 
carry away any accumulation of heat and confine the 
oxidation to the lower stages only. On the contrary the 
proposition sometimes made to provide circulating pas- 
sages for the transmission of air currents is of question- 
able value, since it may result in the contribution of more 
heat by the added accessibility of oxygen than will be 
carried away by the movement of the air. 
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APPENDIX 


HISTORICAL REVIEW wITH SUMMARY OF OPINIONS 


The literature upon the spontaneous combustion of coal is 
widely scattered and difficult of access to a majority of those most 
directly interested in the topic. In this series of investigations, a 
considerable amount of time has been spent in assembling these 
discussions and making synopses of the same. In order that the 
results of this phase of the work may be made accessible, a review 
of the literature upon spontaneous combustion is presented in this 
Appendix. 

Grundmann’s' work, published in 1862, was probably the 
first serious attempt to study the weathering losses of coal. He 
found that while the coals lost gaseous constituents, they gained 
in hydroscopic moisture and so the specific gravity of the coal re- 
mained constant. He states that large pieces weather less than 
fine coal, and that rain and increased temperature accelerate the 
weathering. Using the percentage of ash as a basis to calculate 
the change in weight that took place during storage, he found 
that a pile of 300 tons lost 58 per cent in weight in nine months. 

Reder’ in 1866 was among the first to follow up Grundmann’s 
work. He found that storing coal for a year caused a deteriora- 
tion in the heating value; but, contrary to Grundmann’s results, 
he found no appreciable loss in weight. 

In 1865, Varrentrapp® reviewed Grundmann’s work of 1862. 
Varrentrapp and other later workers could not duplicate the re- 
sults of Grundmann, and ascribe his errors to poor sampling. 
Varentrapp found from his experiments in storing coal that the 
oxidation of fresh coal is very rapid, and within the heap leads to 
a rise in temperature, which, however, is very far from the igni- 
tion point. 

He states, however, that temperatures reaching the ignition 
point and causing combustion have at times been found. 


1Carnall Zeitschrift, Vol. X, page 236, 1862. 

Zeitschrift fur Berg, Hutten, und Salienwesen im preussischen Staate, Band 1X und X. 
2Oesterr. Zeitschrift fur Berg und Hutten, Vol. XV, 1867. 
3 Dingler’s Polytechnic Journal, 1865, Vol. 175, page 168. Vol. 178, page 379. 
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L. Thompson! in 1865 found that dry coal in storage for six 
months lost +5 of its calorific value; if, however, the coal was 
moist, the loss was much greater. He divides the weathering of 
bituminous coals into two classes known as ‘‘dry rot” and “‘wet 
rot”. The latter he considers to be a sort of fermentation in 
which a part of the hydrogen escapes and some of the carbon is 
oxidized to carbon dioxide; in this way the coal loses calorific - 
value in two directions. 

Fleck? in 1865 examined a series of six Saxon coals which had 
been preserved in acabinet since 1856. The results of his exami- 
nation were compared with analyses made nine years previously, 
when, it is presumed, the coals were in a fresh state. After such 
an exposure in a dry place, three of the number, it was inferred, 
showed an important increase in proportion of ashes together 
with a corresponding decrease of organic matter, while the ashes 
of the remaining three appeared to have decreased. The expla- 
nation of such unlike results was sought by Fleck in the lack of 
uniformity of the related samples, especially as to the ratio of 
ashes. An increase of oxygen and of indisposable hydrogen was 
observed in each case, together with a loss of carbon and of dis- 
posable hydrogen. Hence the conclusion that, at ordinary tem- 
peratures, bituminous coal sustains a loss in carbon and of dis- 
posable hydrogen, and proportionately a loss in calorific value, 
which is increased in proportion to the addition of combined 
water. 

The most careful of the early experiments made on this sub- 
ject were those of Dr. Richter’ from 1868 to 1870. He concluded that 
the weathering of coal was due to the absorption of oxygen, part of 
which goes to the oxidation of carbon and of hydrogen in the coal, 
and part of which is taken into the composition of the coal itself; 
that if the heap becomes warm, either through this process or 
through any other cause, the action is accelerated, but then falls 
off, and becomes so slow that the changes effected within a year 


1 London Journal of Arts, June, 1865, page 321. 

Dingler’s Poly. Journal, 1865, Vol, 178, page 161. 
’ Technik der Steinkolen Deutschlands. 1865, Vol. II. page 221, 

Transactions of the American Institute of Mining Engineers, Vol. 8, page 207. 
3 The Gas World, April 13, 1901. 


Dingler’s Poly. Journal, Vol. 190, page 398; Vol. 195, page 315; Vol. 195, page 449. 
Vol. 193, page 54; Vol. 193, page 264. 
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become difficult to estimate; that moisture, as such, has no direct 
influence upon the process apart from the presence of pyrites or 
from the coal crumbling down more rapidly when wet than when 
dry and, therefore, more rapidly heating up; that if the tempera- 
ture does not go beyond certain limits (838° to 374° F.) there is no 
appreciable loss of weight, but rather, on the whole, a gain 
through the absorption of oxygen. Also, that it is not necessary 
to explain the loss in heating value, of coking power, and of gas 
yield by any theory of new arrangements of atoms, for it is suffi- 
cient to look at the absolute loss of carbon and hydrogen and the 
increase in the proportion of oxygen. At a later date, he con- 
cluded that large coal was affected less than small, not because it 
had less surface, but because small coal was amore active absorb- 
ent of oxygen, and, therefore, became more rapidly heated; that 
air-ways in a heap would have to be very numerous in order to 
prevent any rise in temperature; and that the heap ought to be 
so constructed as not to allow air to get from the air-ways into 
the bulk of the coal. 

Haedicke’ in 1880 assigned to pyrites the leading part in 
spontaneous ignition, conditioned on allowing the temperature to 
rise sufficiently. 

Professor Fischer’ of Gottingen, in his work on this subject 
prior to 1901 concluded that storage depreciation and spontaneous 
ignition were phenomena of oxidation; the part which is played 
by iron sulphide was disputed, but the variances which have given 
rise to the uncertainty were due to the differences between the 
different sulphides of iron present in coal. He claims that mar- 
casite, for example, is much more weatherable than ordinary pyr- 
ite. Actual wetting is much more promotive of oxidation of the 
iron sulphide than heating in dry or even moist air. Besides 
this, Fischer finds that many coals contain sulphur in the form 
of unsaturated organic compounds. He finds that those coals 
which rapidly absorb bromine are those which are most liable to 
rapid oxidation and spontaneous ignition; as a practical test, he 
recommends shaking a gram of the finely powdered coal with 20 
c. c. of a half-normal solution of bromine for tive minutes. Then, 
if the smell of bromine has not disappeared the coal may safely 
be put in storage; if it has, the coal should be used up as soon as 


1The Gas World, April 13, 1901. 
2ibid. 
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possible. The absorption of oxygen by the unsaturated organic 
compounds referred to is accompanied by a gain in weight and at 
the same time by a rise in temperature; and the warmer the 
mass the more rapidly does the oxidation go on, so that the tem- 
perature is apt to rise to a dangerous extent. Concurrently with 
the oxidation of these products, is the oxidation of another set of 
organic compounds with evolution of carbon dioxide and water 
vapor, and this results, not in a gain, but in a loss of weight. 
Whether the mass as a whole gains or loses weight is, therefore, 
a question of the composition of the coal, but the loss in weight 
is in no case great. Covering wet slack coal with other coal is 
apt to produce spontaneous ignition; the danger here appears to 
arise from the sulphide of iron rather than from the organic com- 
pounds. Fischer regards ventilation of the coal heap with sus- 
picion, not because the idea is in itself a wrong one, but because 
it is not practicable to ventilate the whole heap efficiently. He 
claims that the coal should be stored dry and kept dry under 
cover, and in layers not too deep. 

In a paper read before the German Gas Association in 1900, 
Herr Sohren,’ Manager at Bonn, stated that it isno longer possible 
for many reasons to work gasworks with a supply of coal renewed 
from month to month; and that all questions affecting storage 
have, therefore, a continually increasing importance. Undoubt- 
edly there is a greater or less depreciation in the quality of coal 
kept in store, and the causes of this have attracted a good deal 
of attention; though, on the whole, it is surprising to find to how 
great an extent the study of the chemistry of coal has been neg- 
lected. Questions of this nature assumed importance in connec- 
tion with the spontaneous ignition of cargoes of coal in ships; in 
1874, out of a list of 4485 coal laden ships, no fewer than 60 
caught fire. 

In a paper read by Professor Vivian B. Lewes’ at the 31st 
Session of the Institution of Naval Architects held at the Society 
of Arts, Adelphi, the author began by referring to the appoint- 
ment of a Royal Commission in 1875 on the proposition of the 
Board of Trade and a Committee of Lloyds, to investigate the 
causes of the spontaneous ignition of coal cargoes, which had en- 

1The Gas World, April 13, 1901, 


2The Journal of Gas Lighting, Vol. 55, page 645. 
The Journal of the Society of Chemical Industry, Vol. 9, pagre 483. 
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tailed serious loss of life and destruction of property. The Com- 
mission was assisted by Dr. Percy and Sir Fred Abel. 

From 1875 to 1883 no less than 57 coal laden vessels were 
known to have been lost, while during the same period 328 were 
missing from unknown causes, though probably a large propor- 
tion of these losses were due to spontaneous combustion. In 
view of this fact, it was suggested to the author that an inquiry 
into the causes and possible prevention of this serious evil was 
greatly needed in the Royal Navy as well as in the merchant ser- 
vice; he therefore undertook it, and laid the results before 
the members of the Institute. 

The author proceeded to point out that, besides the carbon 
hydrocarbons, coal contains certain mineral substances, as sul- 
phate of lime or gypsum, silica, and alumina, while in nearly all 
kinds there is to be found disulphide of iron, “‘brasses” or pyrites. 
Of these constituents, those that are likely to produce heat and 
cause spontaneous ignition in newly-won coal are the carbon, hy- 
drocarbons, and brasses, which, when they come in contact with 
air and moisture, give rise to certain chemical actions. He then 
described at length the influence of each of these substances in 
the production of heat. Taking carbon first, he remarked that 
it is one of those substances which possess to an extraordinary 
degree the power of attracting and condensing gases upon 
their surfaces, the power varying with the state of division 
and density of the particular form of carbon used. In the case 
of newly-won coals, the least absorptive would, he said, take up 
one and one-fourth times, and others would absorb three times, 
their own volume of oxygen. This absorption is very rapid at 
first, but gradually decreases, and is influenced to a very great ex- 
tent by temperature. Air-dried coal absorbs oxygen more quick- 
ly than wet coal. 

Dealing in the next place with the action of the bituminous 
constituents of coal in causing spontaneous ignition, the author 
explained that all coal contains a certain percentage of hydrogen, 
which is in combination with some of the carbon and also with 
the nitrogen and oxygen, and forms with them the volatile mat- 
ter in the coal. The amount present in this condition varies very 
largely, being very small in anthracite and very great in cannel 
and shale. When the carbon of the coal absorbs oxygen, the 
compressed gas becomes chemically active and soon commences 
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to combine with the carbon and hydrogen of the bituminous por- 
tions, converting them into carbon dioxide and water. This 
chemical activity increases rapidly with rise of temperature, so 
that the heat generated by the absorption of the oxygen causes 
the latter to enter rapidly into chemical combination. Chemical 
combination of this kind, i. e., oxidation, is always accompanied 
by evolution of heat; and this further rise of temperature again 
increases the rapidity of oxidation, so that a steady rise of tem- 
perature is set up. This taking place in the center of a heap of 
small coal, which from the air and other gases enclosed in its 
interstices is an admirable non-conductor of heat, will often cause 
such heating of the mass that, if air can percolate slowly into the 
heap in sufficient quantity to supply the necessary percentage of 
oxygen for the continuance of the action, the ignition point of 
the coal would soon be reached. It has been suggested that very 
bituminous coal (such as cannel, shale, and coals containing schist) 
is liable to spontaneous ignition from the fact that a rise in tem- 
perature would cause heavy oils to exude from them, and by 
undergoing oxidation, might cause rapid heating. Experiment, 
however, not only shows that this is not the case, but that the 
heavy mineral oils have a remarkable influence in retarding heat- 
ing. 

The action of iron disulphide, pyrites, or ‘“‘brasses,” in pro- 
moting spontaneous ignition was next discussed. The author 
said that ever since Berzelius first expressed the opinion that the 
heat given out by the oxidation of iron disulphide into sulphates 
of iron might have an important bearing onthe heating and igni- 
tion of coal, it had been adopted as the popular explanation of. 
that phenomenon; and, although the work of Richter clearly 
proved that this is not the case, the old explanation was still 
given. Dr. Percy in 1864 pointed out that oxidation of the coal 
also probably had something to do with spontaneous combustion, 
a prediction amply verified by Richter’s researches some six years 
later. This disulphide of iron was found in coal in several differ- 
ent forms, sometimes as a dark powder distributed throughout 
the mass of the coal, and scarcely to be distinguished from coal 
itself. In larger quantities, it often occurred as thin golden-look- 
ing layers in the cleavage of the coal, while it sometimes occurred 
as large masses and veins, often from 1 in. to 2 in. in thickness; 
but inasmuch as these masses of pyrites were very heavy, they 
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rarely found their way into the screened coal for shipment, many 
hundreds of tons of these brasses being annually picked out from 
the coal at the pit’s mouth and utilized in various manufacturing 
processes. When the air was dry, the pyrites underwent but lit- 
tle change at ordinary temperatures. In moist air, however, they 
rapidly oxidized when in a finely-divided condition, the first action 
being the formation of ferrous sulphate and sulphur dioxide, to 
gether with the liberationofsulphur. The relative amounts of the 
latter were regulated by the temperature and the supply of air, 
while longer contact with moist air converted the ferrous sul- 
phate into a basic ferric sulphate generally termed ‘“‘misy”.. It 
was during this process of oxidation that the heat supposed to 
cause the ignition was evolved. But when it was considered that 
some of the coals most prone to spontaneous combustion con- 
tained only 0.8 per cent of iron pyrites, and rarely more than 
1.25 per cent, the absurdity of imagining this to be the only 
cause of ignition became manifest. If 100 pounds of coal were 
taken, and the whole of the pyrites in it concentrated in one spot 
and rapidly oxidized to sulphate, the temperature would barely 
be raised to 100° C. if all loss of heat could be avoided. The author 
had carefully determined the ignition points of various kinds of 
coal, and found them to be as follows:— 


Gaiiine lak fee nearer cto SR inks ee ci or Or ak ae 
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‘ Hence, no stretch of Reiianicn orn Bndow the an trace of 
pyrites scattered through a large mass of coal, and undergoing slow 
oxidation, with the power of reaching the needful temperature. 
Richter fully realized this point, and discarded the idea of the 
pyrites doing anything more than adding its mite to the causes 
which bring about rise of temperature. In this, however, Lewes 
thought Richter was mistaken, his own experiments pointing to 
the fact that they might increase the liability to ignition when 
present in large quantities, and that they do so by liberating sul- 
phur under certain conditions. A still more important part played 
by the pyrites, is that as it becomes oxidized to ferrous sulphate it 
swells in size and so tends to split up the coal into small pieces, 
and, by exposing a large extent of fresh surface to the air, causes 
increase of temperature and energetic chemical action. 
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The author, Lewes, then traced the actions which culminate 
in ignition. He said that on newly-won coal being brought to 
the mouth of the pit, it at once began, by virtue of its surface 
action, to absorb oxygen from the air. Unless piled in unusually 
large heaps and a good deal broken, it did not, however, as a 
rule, show signs of heating, as the exposed surface was compara- 
tively small; and the air finding its way freely between the lumps 
kept down the temperature. The coal was now screened, and the 
obtrusively large lumps of brasses picked out. It was then put in- 
to trucks, and enjoyed the disintegrating processes of joltings 
and shuntings innumerable, every jar adding to the percentage 
of small coal present, and causing a corresponding increase in the 
size of the surface exposed totheair. Arrived at the docks, it had 
to be transferred from the truck to the ship, which was done by 
one of the numerous forms of tips, shoots, or spouts employed for 
the purpose; and it was during this operation that more harm 
was done than at any other period. The coal first shot into the 
vessel was, by reason of the distance which it had to fall, broken 
down into small lumps, and, having to bear the impact of the 
succeeding load falling upon it from a height, rapidly became 
powdered into slack; while the succeeding loads, falling in on 
the cone so formed, became more or less broken down so that by 
the time the cargo was all taken in, a dense mass of small coal 
was to be found under the hatchway. It was invariably at this 
point that heating took place, as the large surface exposed fresh 
to the air by the breaking down of the coal caused rapid absorp- 
tion of oxygen, and consequent rise of temperature. This set up 
chemical combination between the oxygen absorbed by the coal, 
and the hydrocarbons and coal ‘‘brasses”. The combination of 
the ‘‘brasses” with oxygen caused the swelling of the oxidized 
mass and the splitting up of the coal. Fresh surfaces were ex- 
posed, and more absorption of oxygen took place, the igni- 
tion point of the sulphur vapor and sulphur compounds distilled 
out of the pyrites was reached, and rapidly raised the tempera- 
ture to the ignition point of the coal. It was only in cases where 
large quantities of dense coal brasses were present, however, that 
this action could occur. On examining the evidence to be obtained 
as to the conditions under which spontaneous ignition of coal ships 
usually takes place, Lewes found that the Habiily to such acci- 
dents increases with 
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(1) The tonnage of the cargoes, 

(2) The ports to which shipments are made, 

(8) The kind of coal of which the cargo consists, 

(4) The size of the coal, 

(5) The shipping of coal rich in pyrites while wet, 

(6) The ventilation of the cargo, 

(7) The rise in temperature in steam colliers due to the in- 
troduction of triple-expansion engines and high pressure boilers. 

Having discussed the chemical and physical conditions which 
lead to the spontaneous ignition of coal, the author proceeded to 
formulate precautions tending to prevent such disasters. These 
had reference to the choice of coal for shipment to distant ports, 
and to the precautions to be taken during shipment and when the 
coal is on board. He advised that the coal should be as large as 
possible, free from dust, and have as little “‘smalls” as practicable. 
It should be as free from pyrites as possible, in order to prevent 
disintegration after shipment; and it should contain when air- 
dried not more than three per cent of moisture. No coal should, 
he said, be shipped to distant ports until at least a month had 
elapsed after it was brought to the surface of the pit’s mouth. 
Every precaution should be taken to prevent the breaking up of 
the coal while being taken on board, and on no account should 
any accumulation of fine coal be allowed under the hatchways. 
When possible, the coal should be shipped dry, as external wet- 
ness, by producing oxidation of the pyrites, caused disintegration. 
When the coal had all been taken in, it should be battened down 
and the hatches not opened again until the vessel reached her 
destination, the only ventilation allowable being a 2-in. pipe just 
inserted into the crown of each coal compartment, and led 12 ft. 
up the nearest mast, the top being leftopen. This would be quite 
sufficient to allow free egress to any gases evolved by the coals, 
but would not allow undue access of air. Into the body of the 
coal cargo itself would be screwed, at regular intervals of about 
six feet, iron pipes, closed at the bottom and containing electrical 
alarm thermometers, set at a certain temperature, the attainment 
of which would be indicated by the ringing of a bell which would 
not cease until the temperature had again fallen, and then the 
spot in which the heating had taken place would be indicated by 
an index-board. The existence of overheating having been re- 
ported by the bell and recorded by the index, the author offered 
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suggestions for suppressing it. He advocated the injection of 
compressed carbonic acid gas, and explained his plan as follows: 
The nozzle attached to the screw valve on the bottle of condensed 
gas would have a short metal nose-piece screwed on it, the 
tube of which would be cast in solid, with an alloy of tin, lead, 
bismuth and cadmium, which could be so made as to melt at 
exactly 200° F. (983°C). The valve would then be opened, and the 
steel bottle buried in the coal during the process of loading. The 
temperature at which the fusible metal plug would melt is well 
above the temperature which could be reached by any legitimate 
cause, and would mean that active heating was going on in the 
coal. Under these conditions the pressure in the steel cylinder 
would have reached something like 1700 pounds; and the moment 
the plug melted, the whole contents of the bottle would be blown 
out of it into the surrounding coal, producing a large zone of in- 
tense cold, and cooling the whole of the surrounding mass to a 
comparatively low temperature. The action, moreover, would 
not stop here, as the cold, heavy gas would remain for some time 
in contact with the coal, diffusion taking place but slowly through 
the small exit-pipe. When coal has absorbed as much oxygen 
as it can, it still retains the power of taking in a considerable 
voluine of carbonic acid gas; and when coal has heated and then 
has been rapidly quenched, the amount of gas so absorbed is very 
large indeed, and the inert gas so taken up remains in the pores 
of the coal and prevents any further tendency to heating. Indeed, 
a coal which has once heated, if only to a slight degree, and has 
then cooled down, is perfectly harmless and will not heat a second 
time. It is not by any means necessary to replace the whole of 
the air in the interstices of the coal with the gas, as along series 
of experiments shows that 60 per cent of carbonic acid gas pre- 
vents the ignition of the pyrophoric substances. One hundred cu. 
ft. of gas can be condensed in the liquid state in a steel cylinder 
1 ft. long and 8 in. in diameter; and it has been shown that a ton 
of coal contains air spaces equal to about 12 cu. ft. One of these 
cylinders would therefore have to be put in for every eight tons 
of coal, and these would be distributed evenly throughout the 
cargo, and near the alarm thermometers, which would be set to 
ring a degree or two below the point at which the fusible plug 
would melt. The bell ringing in the captain’s room would warn 
him that heating was taking place, and the bell would continue to 
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ring until the cylinder had discharged its contents and had cooled 
down to a safe degree, so that the whole arrangement would be 
purely automatic, and yet the officers would know if everything 
were safe. Ifthe precautions advocated were taken, no danger 
could arise until the arrival of the ship at her destination, and the 
commonest precautions would then suffice. 


In conclusion, the author remarked that the question of pre- 
venting the heating and ignition of stores of coal on land and 
ready for use in bunkers could not be met so well by the use of 
the liquid gas; and in these cases it would be found beneficial to 
dress the coals with a little tar or tar oil, which would close the 
pores, and to a great extent prevent oxidation. He believed this 
was advocated by Lachman about 1870. Crude petroleum in small 
quantities would also be found valuable for this purpose, for it 
has no tendency to oxidize itself, and lowers the tendency in other 
bodies, besides coating them and so preventing access of oxygen. 

In a later paper, Professor Lewes’ of the Royal Naval Col- 
lege says that, inthe spontaneous ignition of coal stored in bulk, 
the oxidation of the pyrites present plays only a very subsidiary 
part, the chief factor being the surface condensation of the oxygen 
in the pores of the coal and the action of the condensed gas in 
effecting the oxidation of the hydrocarbons present in the coal. 
While sufficient ventilation to prevent any considerable increase 
in temperature within the mass is etfective in preventing ignition, 
it is practically impossible to maintain this condition in large coal 
stores or in a cargo on board ship, where usually only enough air 
enters to lead to dangerous heating. The recent suggestion to 
wet thoroughly the whole mass of coal is impracticable, owing to 
the great increase in weight brought about if sufficient water is 
added so as to be effective; too small a quantity of water only 
accentuates the danger. 

A. O. Doane? in 1904 stated that the amount of moisture 
present in a bituminous fuel after drying in the air is a measure 
of the risk of spontaneous ignition when the fuel is stored; 
bituminous coals containing over 4.75 per cent of moisture are 
dangerous. Coal bins should be of iron or steel, protected by 
concrete, and should be roofed over. Free air passages should 

1 The Journal of Gas Lighting, 1906, page 33. 


The Journal of the Society of Chemical Industry, Vol.25.page 463. 


2 Engineering News, Vol. 52, page 141. 
The Journal of the Society of Chemical Industry, Vol. 23, page 1203. 
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be provided around the walls and beneath the bins so as to 
keep them cool, and the depth of coal stored should not be over 
12 ft. The customary method of providing air passages in the 
body of the fuel is useless, since it tends merely to accelerate 
oxidation and does not produce a sufficient current of air to keep 
the temperature down. Cracks or joints in the walls of the fuel 
bin increase the risk of spontaneous ignition for similar reasons. 

Durand! has explained the spontaneous ignition of coal as 
being due to the presence of pyrites, which on oxidation under 
suitable conditions inflames, and then sets fire to the coal in which 
it is embedded. 

According to Fayol’s experiments’, however, the real cause 
of spontaneous combustion is the oxidation of the coal itself and 
not that of the pyrites. The absorption of oxygen by coal takes place 
more or less readily, depending upon the initial temperature and 
upon the coal being more or less finely divided. Lignite in the 
state of fine dust takes fire at 150°, gas coal at 200°, coke at 250° 
and anthracite at 800° or above. On heating a mixture of finely 
powdered coal and pyrites up to 200° for four days, the coal took 
up 6 per cent of oxygen, while the pyrites absorbed only 3.5 per 
cent. Hence coal absorbs oxygen much more energetically than 
pyrite does, a fact which was confirmed by the following experiment. 
900 gr. of powdered coal and 3350 gr. of powdered pyrites were 
placed in tin cans and putin a drying chamber. Up to 135° both 
behaved similarly, but from there on the temperature of the pyr- 
ites remained almost stationary while that of the coal quickly 
rose, ignition taking place a few hours afterwards. Two other 
samples of coal and pyrites were put in a chamber at 200°. The 
temperature of the coal quickly increased. After 40 minutes, 
it reached 200°, and the coal took fire, while the pyrites had at 
the same time been raised only to 150°. The ignition of the coal 
was not at all hastened by an admixture of pyrites. 


Fayol, as a result of some of his other experiments, stated 
that ‘““The influence of wet weather on heaps of coal has not been 
sufficiently marked to be observable.” On the other hand, much 
evidence has been given which is absolutely opposed to the above 
statement. In a letter to the English Commission in 1876, 


4 


1 The Journal of the Society of Chemical Industry, Vol. 2, page 325. 
2 Bulletin de la Societe de l’ Industrie Minerale, Second Series, Volume 8, part 3, 1879 
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Mr. Poole’, Inspector of Mines, Nova Scotia, makes the following 
remark: ‘“‘Heat has been observed in piles of slack coal that have 
been accumulated during the summer for the use of engines dur- 
ing the winter, when the season has been showery, but not when 
it has been dry.” Much similar evidence was offered the English 
Commission; for, out of the 26 answers to questions as to the ef- 
fect of moisture, every reply was to the effect that moisture was a 
source of danger. Similar evidence was given at the inquiry 
held by the New South Wales Commission, although, on cross ex- 
amination, it was brought out that this view was more a matter 
of impression than of definite knowledge. 

Fayol’ also found that the coal of Commentry never took fire 
by exposure when the heaps were less than two meters deep, no 
matter what the lateral dimensions of the heaps might be. He 
also found that a mixture of dust and fragments was the most 
dangerous. 

Some valuable evidence on the subject of the size of the stor- 
age heap was given to the New South Wales Commission by Mr. 
Bush’, the engineer of the Australian Gaslight Company. It ap- 
pears the Australian Gaslight Company has two coal stores, one 
at Kent St., and the other at Mortlake. These stores are kept 
more or less full for gas making. The Kent St. store is filled 
with coal to a depth of 14 feet, the Mortlake store to a depth of 20 
feet. The Mortlake store requires great care to prevent the coal 
from firing, whereas no case of firing from spontaneous combus- 
tion has occurred at Kent St. All other circumstances are, so far 
as known, exactly the same at both stores. The opinion of Mr. 
Bush is that the difference in the behavior of the coal in the two 
stores is to be attributed to the difference in depth of the coal. 

‘Tt was formerly supposed* that the oxidation of pyrites (a 
common impurity of coal) is the initial cause of spontaneous 
heating. This, however, has been disproved in many tests by 
direct experiment, and it also appears that there is no direct re- 
lation between the pyrite content of coal and its liability to 
spontaneous combustion. On the other hand, if coal is wet, it has 


1 Threlfall, On the Spontaneous Heating of Coal, Jour. of the Soc. of Chem. Ind., Vol. 28, p. 
763, 1909. 

2 For an excellent review of Fayol’s monumental work on the coals of Commentry, see 1. 

3 Report of the First New South Wales Commission. cae 

4 From the Introduction to The Report of the First New South Wales Commission, inquir- 
ing into the causes of the firing of coal cargoes, etc. 
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been shown that the pyrites tends to oxidize, and in so doing may 
help to break up the coal and thus render it more liable to spon- 
taneous combustion by increasing the surface. We are of the opin- 
ion, however, that the cases of spontaneous combustion of New- 
castle coal are not in any way traceable to this action, since we 
have not been able to find that the cargoes which have fired have 
been unusually wet, or that the sulphur content was unusually high; 
in fact, the average sulphur content is only about 0.5 per cent. 

‘Tt still must be regarded as an open question, however, 
whether the heating of Newcastle coal is in any way dependent 
on the amount of moisture which it contains. On the other hand, 
we have the very definite experimental result of Fayol that mois- 
ture has no influence whatever on the liability to spontaneous 
combustion of the coal of Commentry, and yet we see that the 
disintegrating action of oxidizing pyrite may have an indirect ef- 
fect. 

‘‘Most of the witnesses we examined were of the opinion that 
wet coal was more likely to fire; and some important evidence 
was given us by Mr. A. Ross, manager of the Wallsend Mine (Ans. 
1379), and also by Mr. Reed, screen overseer, in charge of 
the hoppers in which the Newcastle- Wallsend Coal Company store 
their small coal. These witnesses stated that the temperature of 
the coal in the Walisend hopper increased within a few days after 
a shower of rain. On visiting the hopper and digging into the 
coal to a depth of two or three feet, we obtained samples of coal, 
some hot and moist, some cool and dry. The place from which 
the hot sample was obtained was distant only a few feet from the 
place where the cool sample was taken. Chemical examination 
disclosed no appreciable difference between the two samples. It 
occurred to us that possibly the hot coal had been heated by dis- 
tillation of steam from the coal below, which coal was spon- 
taneously heated, and this we are inclined to think was really the 
case, for the seat of spontaneous combustion is never within three 
feet of the surface of a heap of coal. On drawing Mr. Reed’s at- 
tention to the possibility of this explanation, he appeared inclined 
to agree with us (Q. 3426-8). We consider it not unlikely that the 
heating up of otherwise unheated coal by the distillation (and 
condensation) of steam may have given rise to the idea that 
moisture is favorable to spontaneous heating. 


Y 
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“Of course, if coal is red hot and small quantities of water are 
poured upon it, the resulting steam is decomposed by the red hot 
coal, and the carbon monoxide and hydrogen thus liberated burn 
with flaming. This fact, also, we are inclined to think may have 
tended to give rise to the impression that moisture assists the 
spontaneous combustion of coal. 

* * * * * * * * * * * 

“It is, perhaps, obvious from what has been said on the subject 
of the absorption of oxygen by coal, that a very important con- 
dition is the initial temperature of the coal. From two cases 
which came under our notice, we are inclined to think that the 
masters of ships are not sufficiently alive to the importance of 
keeping the coal away from the hot surfaces, especially when the 
surfaces are themselves far below the ignition point of coal. <A 
donkey-engine and boiler, for instance, may be separated from 
the hold by a cement floor laid on the deck planking, and so far as 
we could ascertain there seemed to be an impression that the heat 
which could be transmitted through such a shield could have no ill 
effect on the coal. The fact is, however, that the rate of absorp- 
tion of oxygen increases so greatly with rise of temperature that 
the moderate warming of the coal by a steam pipe or boiler may 
enormously shorten the time necessary for spontaneous combus- 
tion to set in, or may render spontaneous combustion possible in 
cases where it would otherwise be impossible.” 

These remarks apply with great force to the practice of load- 
ing coal in very hot weather. The coal lying in trucks on the 
dyke and exposed to the sun is loaded at a temperature which it 
might take months to reach if it had to generate the necessary 
heat by absorption of oxygen. This reasonable conclusion is 
supported by the fact that three very large ships were loaded to- 
gether during the hot weather of January, 1896, and all of them 
were the victims of spontaneous combustion. 

The acceleration of the rise of temperature consequent on a 
large initial temperature is also well illustrated by the cases of 
the ‘‘Knight of St. Michael’’, the ““Morna”, and the “‘Invernay”, 
all of which were loaded during extremely hot weather, andall of 
whose cargoes became dangerously heated within a short time of 
loading. 

The United States Admiralty’! has made experiments and 


1Oesterr, Zeits. Fur Berg und Hutten, Vol. 47, page 78. 
The Journal of the Society of Chem. Industry, Vol. 18, page 568. 
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gives valuable directions for preventing the spontaneous combus- 
tion of coal. Anthracite is excluded from the inquiry since only 
bituminous coals are liable to catch fire. The ignition of coals 
may be induced by condensation and absorption of the oxygen of 
the air by the coal, whereby the temperature is raised so high 
that chemical combination between the hydrogen and oxygen can 
take place. This casily happens if the coal be very pure and 
brittle, if the outside temperature also be high, and the necessary 
ventilation be wanting. Another cause of ignition is the action 
of moisture on the sulphur of many pyritic coals, not so much 
from the heat of the chemical reaction as from the circumstance 
that the coal is split and broken up, and so fitted for the absorp- 
tion of oxygen. 

The arrangements for preventing ignition on board ship are 
not taken up, but it said that on land it is mostly the pyritic coals 
that take fire. Care should be taken that the coal is stored on 
iron floors, and covered, the height of the heap not to exceed two 
to two and one-half meters. For sea voyages, the coal should 
not be loaded earlier than one month after it has been mined. 

Mr. Stelkins’, in his report before the International Naviga- 
tion Congress in 1902, stated that the tendency towards spon- 
taneous ignition of coal increases with the height to which the 
coal is piled. Stacks higher than 15 ft. should not be made. 
Rain during and after stacking and compression caused by dump- 
ing coal from a great height on the stack, all add to the danger 
of ignition. 

Mr. F. M. Griswold’ of the Home Insurance Company, in 
1904, states that spontaneous ignition is more marked in free 
burning or so-called ‘“‘high steaming coals” including ‘‘gas coals”. 
These coals usually contain a large amount of volatile matter and 
small amounts of oxygen. The tendency towards spontaneous 
ignition increases when sulphur or lignites are found in the coal 
and especially when pyrite is present. Slack, mine run, and 
dirty coal are dangerous because of the fine particles present, the 
latter gradually sifting to the bottom and being compressed. 

According to Mr. Griswold, a satisfactory explanation of 
spontaneous ignition and combustion of bituminous coal has not 
as yet been made. The best authorities say it is due to chemical 


1 American Society of Naval Engineers, February, 1901 
2 Engineering News, November 10, 1904, page 409. 
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changes in the substance of the coal resulting from the absorp- 
tive powers of carbon, the latter increasing with the rise in temp- 
erature. Rise in temperature may be due to the chemical action 
caused by slow oxidation or to the mechanical force of pressure; 
both of these conditions may be stimulated by moisture and the 
presence of pyrites. Some claim that over 23 per cent of sul- 
phur in the form of pyrite isdangerous. Various tests have been 
proposed to determine the liability of a coal to heat, such as 
the gain in weight of the coal at 250° F. and the absorption of 
bromine, but these tests are not valuable, as it is difficult to tell 
how much oxygen the coal has already absorbed. He recommends 
that no wood be used in the construction of bins, that all iron- 
work be covered with concrete, that no steam pipes or flues be 
near the bins, that a good circulation of air be about the sides and 
under the bins, and that the coal should not be piled to a depth 
greater than 12 ft. He also recommends that the bins be roofed, 
and that they contain pipes in which thermostats should be placed, 
and when the latter register 140° F., something should be done to 
stop the rise in temperature. 

A. E. Dixon,’ in 1906, stated that spontaneous ignition oc- 
curs with friable bituminous coal, and particularly with those 
grades containing brasses oriron pyrites; when the coal is damp, 
the trouble is increased. The cause is probably due to the ab- 
sorption of oxygen by the carbonaceous material, just as is the 
case with oily cotton waste. 

An article describing the coal storage department of the 
works of the Lackawanna Steel Company” says “‘Derricks are 
used to pile the coal and they are able to pile it to a height of 60 
feet; but to avoid spontaneous combustion, it was deemed advis- 
able to restrict the height of the piles to 20 or 80 feet.” 

Mr. Peter Bullock’ cites several cases of coal piles catching 
on fire, seemingly due to spontaneous combustion. In all, about 
ten or twelve cases were cited; about half of these cases he be- 
lieves to be due to heating from steam pipes which were near by, 
for the others he gives no explanations. 

Groves and Thorp‘ state that gases occluded in the crevices 


1 Engineering News, November 10, 1904, page 409. 

2 Engineering Record, July 4, 1903. 

3 Power, 1908, page 675. 

4Groves and Thorp, Chemical Technology, page 82. 
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or cavities of the coal escape during mining and continue to do 
so after storage. The inflammable nature of these gases makes 
them a source of great danger, for it is believed that they are the 
causes of many of the disastrous explosions on board vessels 
carrving coal as a cargo. 

Parr and Barker’, working on the gases occluded in Illinois 
coal, found that two active processes are set up immediately up- 
on liberation of the coal from the vein. The first is an exudation 
of hydrocarbons, consisting mainly of marsh gas (CH,), and the 
second is an absorption of oxygen. They found that after a 
period of two months practically all of the marsh gas had been 
liberated and, although the avidity of the fresh coal for oxygen 
was very pronounced, after a period of two months, active ab- 
sorption of oxygen still took place. 

The work of R. T. Chamberlin? on explosive mine gases and 
dusts confirms the above work of Parr and Barker. Working on 
the gases occluded in the coals of the Naomi, Monangah and Darr 
mines of Pennsylvania and West Virginia, the author found 
that after the extraneous nitrogen had been removed, methane 
was by far the most important gas which escaped from the bot- 
tled coal. In some tests it ran as high as 98 per cent of all the 
gas coming from the coal; more commonly, however, it con- 
stituted from 80 to 95 per cent of the gas liberated. The finely 
crushed coals gave out methane at a very rapid rate, practically 
all of it in a period of 8 or 10 weeks, whereas the small lump coal 
gave out the methane at a slow uniform rate, although after a 
period of 26 weeks the total volume of methane given off almost 
equaled that given off by the fine coal. 

Working on the comparative inflammability of coal dusts 
from the three mines mentioned above, within a few days 
after the unusually violent and fatal explosions which swept all 
three, the author points out some valuable facts concerning the 
absorption of oxygen by coal. He found that comparatively little 
oxygen can be extracted from coal, although very large volumes 
of oxygen are rapidly and steadily absorbed by the coal. The 
experiments with coal dust indicate that, with exposure to the 
action of the air, there is a development of the oxides of carbon 
and sulphur within this dust, or of compounds which give off these 


1University of Illinois, Engineering Experiment Station, Bulletin No. 32, 1909. 
2 Bulletin 383, U. S. Geol. Sur. “Explosive Mine Gases and Dusts”, 1909. 
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gases at moderate temperatures. Coal bottled in air for a few 
weeks gives off a much higher proportion of carbon dioxide than 
if placed in a vacuum; but it does not give off as carbon dioxide, 
within a short time at any rate, more than a small percentage of 
the oxygen absorbed from the air in the bottle. Air bottled with 
Illinois (Cardiff mine) coal for two weeks contained at the end of 
that time only 1.05 per cent of oxygen and 1.59 per cent of car- 
bon dioxide, together with 0.62 per cent methane and 96.74 per 
cent of nitrogen. Thus only a small proportion of the oxygen 
which goes into coal comes out again as carbon dioxide. The 
formation of water by the oxidation of a part of the hydrogen in 
the coal is a natural explanation for the apparent disappearance 
of some of this oxygen. It may also be that some of the organic 
compounds have been only partly saturated and hence the oxygen 
absorbed is not given off at once as carbon dioxide, but comes off 
later when the oxidation has progressed further. 

Dennstedt and Biinz in 1908' exaggerated the conditions of 
spontaneous combustion by passing oxygen through a sample of 
coal at 185° or 150°C. The coals tested by them are divided into 
four classes :— 

1. Coals whose temperature never rises above that of bath. 

2. Coals that rise only slightly above the bath temperature. 

83. Coals that rise fairly high, but will not take fire unless 
the oxygen supply is carefully increased with the rise in temper- 
ature. 

4, Coals that take fire easily, usually in about two hours. 
Six typical coals were selected to determine what chemical varia- 
tions accompanied the above classes. They found that coals that 
have been thoroughly wet kindle more rapidly than if they have 
been kept dry. Quoting their conclusions, we find: ‘‘Self-igni- 
tion increases in a ratio corresponding to the amount of mois- 
ture in air-dry coal; mechanically combined moisture is not 
meant, for the coals used gave the impression of being per- 
fectly dry; the moisture seems to be water of constitution. 

Surface absorption has the same degree of importance as 
the above water of constitution. The question certainly is not 
one of hydroscopicity, or of the hydroscopic inorganic salts pre- 
sent, for water-soluble mineral salts are found in very small 


1 Zeitschrift fur ang. Chemie, 1908, Vol. 21, p. 1825-35. 
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quantities in all coals, so small that they do not even increase 
the surface absorption. 

Moisture and its reabsorption are allied to, or controlled toa 
certain extent by, the organic substances and their composition. 
It may also be noticed here that the humic acids formed in the 
coals are exceedingly hydroscopic. But these cannot cause the 
surface absorption in the original coals, because no completely 
formed humic acids are present; therefore the increased surface 
absorption of the oxidized coals is undoubtedly due to the humic 
acids. The increasing Maumene number (with increasing self- 
ignition) is also in accordance with the idea of water of consti- 
tution, and here it is also seen that the organic substances have 
an influence, for the Maumene number increases in the same ra- 
tio, even in those coals that are dried in a current of carbon 
dioxide. It is very remarkable that these coals, dried in this 
way, should cause a rise in temperature when they are stirred 
in cold water (this property increases as self-ignition increases). 
The Maumene number can, therefore, well serve as a standard 
which would decide a coal’s power of self-ignition. 


Neither amount nor kind of mineral substance nor pyrite 
found in coal has any effect on the self-ignition; this is seen with- 
outa doubt from a consideration of the analytical data. The pyrite 
content is very small, and besides the pyritic coals are not the 
easiest to self-ignite. One could also think of certain catalytic 
actions; to this effect there were made numerous observations up- 
on coals which had caused fires, and they had only a very small 
amount of pyrite that occurred in a fine condition. This pyrite 
was found in a slaty portion of the coal and upon fresh cleavage 
fractures in the form of a fine sulphur-colored film. But the fact 
that just such coals, which are very easily self-ignitible, such as 
Scotch coal No. 6, contained a minimum quantity of pyrite, car- 
ries one away from the above idea. The same might be thought 
of the hydrochloric acid soluble iron in the original coal,—that this 
might be due to a catalytic action, but here also the amount is 
small and does not grow with the degree of self-ignition so that it 
was not thought necessary to insert the analytical data in the 
tables. One could rather speak of the water-soluble iron in the 
oxidized coal as due to this cause; sometimes in coals that have 
been stored for a long time and perhaps have become wet too, an 


we 
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oxidation of pyritic iron in the form of basic sulphate is found, 
but we did not find any increased self-ignition in them.” 

From the above, it seems without a doubt that the organic 
substances control the self ignition of coal, and it depends not so 
much on the amount but rather upon the kind and composition. 
This follows directly from the ultimate analysis; of course, the 
amount of organic combined sulphur and nitrogen has no effect. 
For it is seen that neither is found in any great amount in coals 
that are easily inflammable over coals not easily so. With the 
sulphur one could think of the formation of easily inflamiaable 
compounds, for example, carbon bisulphide. During the oxidation 
process, carbon bisulphide was expected, but no trace was found. 
Very conspicuous in the elemental composition is the proportion- 
ately small amount of hydrogen in the more inflammable coals, 
and the particularly larger amount of oxygen which is especially 
noticeable in the small amount of available hydrogen. 

Quoting further from these writers:—‘‘If the self-warming 
and ignition are caused by this oxidation, which we believe has 
been shown, then at first glance it seems a contradiction that 
those coals already so rich in oxygen are the most easily oxidized. 
But when one thinks that all coals are finally tending toward a simi- 
lar or equal character or composition, then one can easily 
picture thata transition period of marked inflammability exists, 
which the easily inflammable coals have already reached. Thisis 
in accordance with the remarkable properties of the coals in Class 
II, which with preparatory treatment at 135°C. with oxygen, be- 
come more easily inflammable. This point seemed to be of 
sufficient weight to cause certain quantitative experiments to be 
made so as to prove it. With coal No. II (Germania) a marked 
change takes place by treating with oxygen at 135°C. This change 
consists of an addition in weight and a considerable loss of carbon 
dioxide and water, and this, we think, proves our assertion. Of 
course it is not necessary in order to change to an inflammable 
coal that the above must take place throughout the entire coal. 
It is sufficient if it happens in certain localities or perhaps only at 
the surface of small coal particles. That the addition in weight 
which takes place in oxidation, caused by the taking up of oxygen, 
is not substantially less in the less inflammable coals, with the 
exception of the altogether uninflammable coal marked Nixon 
Navigation, rests clearly on similar reasons, (the same is 
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found under Table 7), from the ultimate analysis of the oxidized 
coal showing the addition of oxygen and the loss of carbon and 
hydrogen. Altogether out of place in this respect is the uninflam- 
mable coal No. 1, Nixon Navigation, which oxidizes very slowly. 

‘‘The end product of the oxidation is clearly seen to be the 
humic acids, and from the humic number is found without possi- 
bility of contradiction how far the easily inflammable and oxidiz- 
able coals are above the others. Less easy to account for is the 
fluctuating value or amount of pyridin extract, especially when 
one sees the content of the original and oxidized coals; but one 
thing is certain, that in the majority of cases the extract grows 
with the degree of self-ignition and is increased by oxidation. 
The one exception is coal No. II, which is perhaps ascribable to 
imperfect methods. 

‘‘Our researches show that the organic parts of the coal play 
two different roles which have little to do with each other. That 
portion soluble in organic solvents seems of similar character and. 
composition and perhaps of similar origin as the soluble portion 
of Braunkohle, for example, the so-called Montanwachs, only the 
coal extract contains more oxygen and is therefore probably of 
similar origin but changed by oxidation. 

‘That portion of the coal insoluble in organic solvents we 
look upon as the real coal substance probably formed from cellu- 
lose in the original wood; and it is that substance which on further 
oxidation yields the humic acids and which, although not alto- 
gether still in the main part, determines the self-ignition of the 
coal. It contains also the unsaturated compounds upon which 
the iodine addition rests, which in the iodine number express 
themselves quantitatively, and they run parallel with the capacity 
for oxidation; the remarkable fluctuation of the iodine number in 
the original and oxidized coals we leave for the present purposely 
untouched. 

“But, since the iodine number is so easy to determine, one has 
in the main a practicable means next after the Maumene number 
for determining the degree of danger from fire of the coal.” 

Summarizing their work it is seen that spontaneous combus- 
tibility increases with the following:— 

Moisture at 105°. 
2. Brittleness. 
83. lLodine number. 


= 
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4. Maumene number. 

5. Humus number. 

Graefe' noted that naturally weathered coal contains more 
ash, is of a lower calorific value, and on distillation gives less tar 
but has a higher paraffin content than the fresh coal. 

Erdmann and Stolzenberg? found the work of Graefe to be in 
accord with the assumption that it is the unsaturated bodies, viz., 
the humus, that undergo slow oxidation. That the humus is 
the unsaturated body is shown by the fact that it absorbs large 
amounts of bromine without the evolution of hydrobromic acid, 
and also that it has a vigorous reaction with ozone. The humus 
can be extracted from the coal with alkali and separates on acidify- 
ing. A current of oxygen containing 2 per cent of ozone passed 
over humus in a U-tube at the rate of 500 c. c. per minute causing 
combustion in 28 minutes. Briquet coals coarsely powdered and 
moistened took fire in about 70 minutes; while dry, the tempera- 
ture did not rise over 48°C. These experiments lead the authors 
to the conclusion that the self-ignition of small coal is due to the 
action of ozone. 

Dry pyrite showed no increase of temperature; moist, only a 
12° rise. A mixture of humus and 10 per cent of powdered mar- 
casite (crystalline pyrite) took longer to ignite than pure humus; 
consequently, pyrite is not the cause of spontaneous combustion 
in coals. 

The self-ignition of coal is probably not determined by the 
ozone content of the air but rather by the production of ozone, 
which is found by the evaporation of moisture from the surface 
of the moist coal. In agreement with the above statement is the 
fact that fires in coal heaps occur more frequently on warm, 
sunny days after a rain where the surface evaporation is espec- 
jally great. The ozone found under these conditions immediately 
begins to react with, and is absorbed by, the humus substances 
which break up by its action in the presence of water into carbon 
dioxide and saturated cleavage products such as humic acid. The 
heat produced by this reaction accumulates when sufficiently in- 
sulated, and the rising temperature also causes the more inactive 
atmospheric oxygen to react, so that under favorable conditions 

1Braunkohle, Vol. 6, 713. 
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the temperature will rise to the ignition point. 

The reaction of coals with ozone as first described is a meas- 
ure of their tendency to spontaneous combustion. 

Moist cellulose (filter paper) showed no rise in temperature 
in 2 per cent ozone, wheat bran rose only 4.5°, while cotton waste 
soaked in linseed oil ignited very quickly. 

O. Boudouard', 1909, in his work on the oxidation of coals 
and the products resulting therefrom found that in contact with 
the air at 100°C. coal readily undergoes oxidation; the increase 
in weight, through absorptior of oxygen, in some cases being as 
high as 10 per cent. After oxidation in this way, coal is found 
to contain humic acid and to have lost its power of coking. The 
author then extracted the humic acid by means of potassium 
hydroxide solution from seven varieties of coal, both before and 
after artificial oxidation. The results of the fourteen analyses 
show that the chemical constituents of the humic substances thus 
obtained correspond with one or more of the following formulas:— 

1. Cis Hy O, (Bertholet and Andre) 
QC Hig Op, (Malaguti) 
8. Cis Hy On 
4. Cy Hy On 
and that the effect of oxidizing the coal is to diminish the carbon 
and increase the hydrogen and oxygen content of the humic sub- 
stance yielded by the coal. Concentrated nitric acid causes more 
complete oxidation and increases the yield of humic acid. 

In an attempt to account for the coking power of coal, several 
samples were submitted to the effect of various organic solvents. 
Beyond the extraction of a small amount of resinous matter, these 
solvents had little if any effect. Concentrated hydrochloric, 
sulphuric and nitric acids, also 25 per cent potassium hydroxide 
solution, and finally Schweitzer’s reagent, were tried. Concen- 
trated hydrochloric acid had no effect, concentrated sulphuric and 
nitric acids destroyed the coking power, the 25 per cent potassium 
hydroxide solution and Schweitzer’s reagent reduced the coking 
power considerably. The successive action of the potassium 
hydroxide solution, hydrochloric acid and Schweitzer’s reagent 
caused the total loss of coking power; the solubility of the ceilulose- 
like substances in the Schweitzer’s reagent is the explanation 


1 Bulletin de la Societe Chimique, Vol. 5, 365; 372; 377; 380. 
Compte rend. 147, 986; 148, 284; 348. 
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given for this result. 

The humic acids found in the oxidized non-coking coals are 
probably the carbohydrates of the original coal in a condensed and 
polymerised condition. (Note: The polyatomic alcohols, sugars, 
etc., furnish humic derivatives by condensation and dehydration 
under the influence of or in the presence of heat or alkalis and 
acids. These humic substances thus artificially prepared are found 
to be very similar in composition to those extracted from peats 
and lignites. These facts tend to substantiate Fremy’s theory ! 
of the formation of peats through the fermentation of vegetable 
matter and the subsequent formation of coal through the agencies 
of heat and pressure). The fact that anthracite has not the power 
to make coke is easily explained; this class of coals represents the 
furthest progress in the metamorphosis of the plant material 
which no longer contains cellulose. In fact the natural or oxidized 
anthracites are free from humic acid. Special attention must be 
given to the fact that even a minute amount of humic acid is 
sufficient instantly to cause the loss of coking power. 

Dr. Haberman? found that coal stored for a long time became 
unfit for the manufacture of gas, and that the coals lost in gasifying 
and coking value and also in heating power. He claims that the 
spontaneous combustion of coal is due to the absorption of oxygen 
by the coal substance. He gives the result of a series of experi- 
ments on spontaneous ignition in which he used 200 kilograms and 
then heated these samples in a fire brick retort at 50°C. The coal 
was supplied with air at a temperature of 24°-26°C. and prac- 
tically ignited in 386-389 hours. He found that coals that oxidized 
the most and gave the greatest rise in temperature absorbed the 
largest quantities of bromine. 

Parr and Francis’, working upon the modification of Illinois 
coals by a low temperature distillation, found that active oxidation 
was effected at an unexpectedly low temperature. They found 
that a considerable quantity of carbon dioxide was given off by 
the coal on distillation in an atmosphere of nitrogen and steam, 
and a much larger.amount was given off when an atmosphere of 
oxygen was used. Under the latter condition an occasional rise 
of the temperature in the retort was noted, seemingly independent 


1 Comp. Rend. 88, p. 1048, (1879). 
2 Schillings’ Jour. fur Gasbeleuchtung u. Wasserversorgung Vol, 49, p. 419. 
3 University of Illinois, Engineering Experiment Station, Bulletin 24. (1908) 
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of the external source of heat. This fact led to a series of experi- 
ments wherein careful temperature observations were made and 
in which the outgoing gas could be tested for carbon dioxide. 
Using an atmosphere of pure oxygen, they found carbon dioxide 
evolved at about 120°C., the kind of coal seemingly being imma- 
terial, for Illinois coal, Pittsburg gas coal, and anthracite were 
used. Ignition temperatures ranged from 160° to 300°C. Using 
air as an atmosphere, the initial appearance of carbon dioxide was 
about 135°, instead of 120° with pure oxygen. This result is 
what would be expected, for the dilution of oxygen in the air by 
nitrogen would retard or lessen the activity of oxygen. At 280° 
a rapid rise in the oxidation temperature took place, notwith- 
standing the cessation of the external heat. This fact was 
observed on a sample of Illinois bituminous powdered coal in an 
atmosphere of air. Seemingly, therefore, we have here an illus- 
tration ofa type of combustion which, while still below the ignition 
point, is still. self-supporting and would be continuous, depending 
upon the oxygen supply. 

White’, in studying the oxygenation and weathering of coal, 
notes that, in general, the lower classes of coal take up oxygen 
on exposure to the air. This, together with some immediate loss 
of compressed volatile matter (cf. work of Parr and Barker) 
appears to mark the first phase of weathering. Later, and on 
prolonged exposure, there seems to be a considerable loss of 
carbon and hydrogen also, especially in the humic (ordinary) coals. 

The weathering of the lower grades of coal, especially 
bituminous, lignites and peats, is marked by the accession of 
oxygen which is taken into combustion. This increase of the 
oxygen contents, which seems to indicate lack of equilibrium in 
the hydrocarbon compounds of the normal coal, readily permits a 
calorific deficiency which, on account of the high calorific value of 
oxygen. is often serious. 


SUMMARY OF OPINIONS 


Reviewing the literature given in the preceding chapter, it 
may be seen that opinions differ as to the real causes of sponta- 
neous combustion. The leading factors may, however, be summed 
up as being the following: 


1U.S, Geol. Sur., Bulletin 382, ‘The Effect of Oxygen in Coal.”’ 
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The kind of coal, in regard to its volatile matter. 
The purity of the coal. 

The presence of pyrite or other sulphur compounds. 
The temperature of the coal. 

The size of the coal. 

The presence of occluded gases in the coal. 

The presence of moisture. 

The accessibility of oxygen. 

Pressure on the coal. 


SO OE oe ae 


1. Kind of Coal.—From the ignition temperatures given by 
Fayol, it may be seen that only those coals (such as lignites, 
bituminous and semi-bituminous) containing large amounts of 
volatile matter, are liable to ignite spontaneously, and that 
anthracite with its very low percentage of volatile matter is 
practically entirely excluded. The results of the work of 
O. Boudouard, on the coking power of coals, also substantiates this 
view, for in his work he found that those coals richest in volatile 
matter (carbohydrates, cellulose, etc.,) were most liable to 
spontaneous combustion. 

2. Purity of Coal.—The work of our own government seems 
to indicate that coals of exceptional purity are more apt to heat 
up than coals containing large amounts of extraneous matter. 
This is probably due to the fact that very pure coals are able to 
condense and absorb the oxygen of the air much faster than other 
coals and so cause an increase in temperature, which finally 
results in the chemical combination of the oxygen and hydrogen 
occluded in the coal. This view is confirmed by the later work of 
Dennstedt and Biinz, who found that those coals causing sponta- 
neous combustion or those coals which oxidized and increased in 
temperature most rapidly were remarkably free from mineral 
matter and pyrite. 

3. Presence of Pyrite.—As to what part sulphur compounds, 
especially pyrite, play in the spontaneous ignition of coal, opinions 
differ greatly. Some believe pyrite to be the leading factor, while 
others believe it plays no part at all, or, if so, ascribe to it a 
position of minor importance and believe its action to be merely a 
subsidiary one. The oxidizing action of the air upon pyrites is, 
however, admitted, and the notion seems to be fairly general and 
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well established that pyritic oxidation tends to raise the temper- 
ature of the coal. On the other hand, it is seen from the work of 
Fayol, Dennstedt and Binz, Threlfall and others that coals con- 
taining pyrite in a quantity too insignificant to be noticed are 
very apt to ignite spontaneously. The Newcastle coal of New 
South Wales is also a very. good example of this class of coals. 

Others, however, believe that the only influence of the pyrite 
is a mechanical one, in which the oxidation of the thin films of 
pyrite in the coal serves merely to break up the coal. 

4. Temperature of the Coal.—Most of the authors agree that 
the temperature of the coal undoubtedly is one of the main factors 
in the whole subject of spontaneous combustion, for cases of spon- 
taneous combustion have occurred time and again where probably 
they never would have occurred if there had not been an initial 
heating in some way orother. The New South Wales Commission 
thinks that the initial temperature of the coal at the time of storage 
or loading is one of the great factors in the subject of spontaneous 
combustion, the true danger of which has not heretofore been fully 
appreciated. Sources of heat seemingly insignificant are frequently 
the cause of bringing the temperature of the coal up to the danger 
point and so causing coals to ignite which, under carefully regu- 
lated conditions of storage, would not be atall dangerous. Numer- 
ous cases are on record where the cause of the spontaneous igni- 
tion of large coal stores and loads was finally traced back to initial 
heating from flues, steam pipes, or direct exposure to the sun. 
This increased temperature, whether coming from outside sources 
or from physical or chemical reactions within the coal, tends to 
accelerate the absorption of oxygen and thereby to raise the tem- 
perature of the coal. It also tends to drive out the inflammable 
gases occluded in the coal, and so greatly to accentuate the danger 
of spontaneous ignition. 

5. The Size of the Coal.—That fine coal is a more active 
absorbent of oxygen and more liable to ignite spontaneously than 
large coal was shown as far back as 1868 by Richter. Practically 
all of the later experimenters in this field concede this to be true, 
for, having a greater surface, the fine particles can absorb much 
more oxygen than large lumps; and since this rapidity of absorp- 
tion causes an increase in temperature, which in turn produces 
favorable conditions for further absorption and for chemical 
action between the oxygen of the air and the hydrogen of the coal, 
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the danger of spontaneous combustion is greatly increased. 

Throughout the literature, warnings are found cautioning 
coal users and shippers against storing fine coal. Some have 
even advocated that only large lumps should be transported on 
shipboard and that these should be carefully packed by hand. 
The covering of coal piles with slack is to be avoided, also the coal 
should be handled as little as possible to avoid disintegration, for, 
in handling, the finer particles gradually sift down to the bottom 
of the pile where they accumulate and are a source of danger, in- 
asmuch as at the center and bottom of the pile the most favorable 
conditions for spontaneous ignition exist. Here the coal is suffi- 
ciently insulated by the surrounding coal so as to retain all the 
heat that is generated. Air is accessible in sufficient amounts 
to cause oxidation, and still is not present in large enough 
amounts to conduct away the heat. The fact that friable coals are 
more prone to ignite spontaneously than coals not so friable, also 
seems to substantiate the above opinion. Dennstedt and Biinz in 
their work on this subject even went so far as to make a friabil- 
ity test on all the coals they worked with, for they conceded the 
danger arising from the fine coal with its great avidity for oxy- 
gen, and recommended that they considered safe to transport on 
board ship only those coals passing a certain standard in their 
friability test. 

6. Occluded Gases in the Coal.—While it is now a well known 
fact that gases of an inflammable nature are occluded in coal, their 
relation to the spontaneous ignition of coal has not yet been clear- 
ly established. Whether the gases occluded in the coal are the 
real cause of spontaneous ignition is doubtful, but if the coal be- 
comes heated up by oxidation or some other cause to a tempera- 
ture high enough for the oxygen of the air to unite with these 
gases, then it is seen that the presence of these gases constitutes 
a source of danger, and then coals with large amounts of gases 
occluded in them would be more liable to ignite than coals con- 
taining smaller amounts of these gases. 

7. The Presence of Moistwre.—Opinions differ greatly as to 
what part moisture in the coal plays in the spontaneous combus- 
tion of the same. Some, as Doane, believe the moisture content 
of the air-dry coal to be a direct index of its power to ignite spon- 
taneously. Evidence given to the New South Wales Commission 
and also the British Commission shows that coal piles are more 
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apt to take fire during warm weather following showers than at 
other times, although Fayol, as a result of experimental work, 
claims that the influence of the weather on coal heaps has not 
been sufficiently marked to beobservable. Erdmann and Sto!zen- 
berg believe the spontaneous combustion of coal to be due to the 
formation of ozone by the action of the sun on warm, sunny days 
following a rain, when the surface evaporation is especially great. 
If this is true, moisture plays a more important part in the phe- 
nomena of spontaneous combustion than has heretofore been as- 
cribed to it. 

That the presence of moisture materially assists the pyritic 
oxidation is generally conceded, although whether it causes an in- 
crease in temperature or merely a disintegration of the coal due 
to the formation of ferrous sulphate is a matter of dispute. Others 
believe that the only part that moisture plays is a mechanical 
one, where alternate freezing and thawing break up the coal 
into smaller particles and so expose more surface to the 
oxygen of the air. Again, it is thought that aside from increas- 
ing the pyritic oxidation, moisture acts as a catalytic agent be- 
tween the carbon and hydrogen or unsaturated bodies of the coal 
and the oxygen of the air. Perhaps, as Erdmann and Stolzen- 
berg have suggested, this reaction may consist of the formation 
of ozone which is immediately absorbed by the coal. This idea of 
catalytic action on the part of the moisture is substantiated to 
some extent by the fact that some coals containing minimum 
amounts of pyrite are nevertheless very liable to spontaneous 
ignition; and coals of this class, viz., the Newcastle and Scotch 
coals, have been known to cause fires. 

8. The Accessibility of Oxygen.—That the combination of 
oxygen with the constituents of the coal causes a rise in temper- 
ature seems to be firmly established. Which particular constituent 
is the cause of the rise in temperature has not, however, been 
shown with any great degree of certainty. The presence of humic 
acid in the oxidized coal leads one to believe that the oxygen com- 
bines with some of the unsaturated humus bodies, such as the 
polysaccharides. That this humus substance is an unsaturated 
body is shown by the fact that it absorbs large amounts of bromine 
without the evolution of hydrobromic acid. In fact, Fischer goes 
so far as to devise a practical test to determine the safety of a 
coal by means of this reaction with bromine. 


PARR-KRESSMANN—SPONTANEOUS COMBUSTION OF COAL 87 


The idea is also held that the oxygen of the air combines 
directly with the carbon and hydrogen of the coal and so causes 
an increase in temperature. If amorphous carbon (charcoal and 
lampblack) can be oxidized to carbon dioxide on exposure to the 
air by means of bacteria, as has been proved by Potter,' the oxid- 
ation of the carbon of the coal is very probable. 

The presence of oxygen is therefore to be avoided and the old 
idea of thoroughly ventilating the coal piles by free access of air 
is gradually being dropped, and atthe present, authorities deem 
it advisable to keep the coal away from the air as much as possi- 
ble, either by submerging it under water or storing the coal in 
covered concrete bins. If ventilation is used to lower the temper- 
ature of the coal, it should be through pipes, so that the cooling 
air cannot come in contact with the coal at all. 

9. Pressure on the Coal.—The belief that pressure on the 
coal is one of the leading factors in the spontaneous ignition of 
coal seems to be gaining ground, and because of this fact it is 
advocated that coal heaps should not be any higher than 15 to 20 ft. 
The experience of Mr. Bush in this respect (see page 69) is cer- 
tainly very startling, and in a store of that size the question is 
very probably one of pressure rather than radiation, although, in 
smaller storage units, it would probably be hard to decide whether 
the cause of the spontaneous combustion was due to pressure or 
lack of proper insulation of the heat generated within the pile. 

It will be highly suggestive to compare this summary of 
opinions with the summary at the close of the experimental part 
of this work. The evidence of the oxidation of the various coal 
substances is there enumerated, and is in close agreement with 
the various investigators cited above, but the conclusions as to 
the part played by each is different; namely, that the oxidation 
(a) of the unsaturated humus bodies; and (b) of pyrites are direct 
contributors to the heat conditions which set in motion the more 
advanced and vigorous phases of oxidation. The activity of 
these initial stages is there designated as directly dependent upon 
fineness of division, moisture and accession of heat from physical 
or external sources. With these propositions established, the 
real importance of these initial activities is at once apparent and 
the fundamental principles which must be observed in remedial 
processes are made evident. 

1Proc. Roy. Soc. London (B), Vol. 80, p. 196, 
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